From calixpyrrole derivatives to mesoporous hybridised silicas: Synthesis, characterisation and their interaction with polluting species. by El Gamouz, Abdelaziz.
8834904
UNIVERSITY OF SURREY LIBRARY
ProQuest N um ber: 10147833
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10147833
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
FROM CALIXPYRROLE DERIVATIVES TO 
MESOPOROUS HYBRIDISED SILICAS: SYNTHESIS, 
CHARACTERISATION AND THEIR INTERACTION 
WITH POLLUTING SPECIES
Abdelaziz EL GAMOUZ 
(MSc Natural Products Organic Chemistry and Applications)
UNIVERSITY OFSURREY
Submitted for the Degree of Doctor of Philosophy of the University of
Surrey
Thermochemistry Laboratory 
Chemical Sciences Division, 
Faculty of Health and Medical Sciences 
University of Surrey 
Guildford, Surrey GU2 5XH, UK
September 2009
Abstract
This research deals with two main topics:
The first one concerns an investigation on meso-tetramethyI-tetrakis-(4-N,N-
diethylacetamide phenoxymethyl]calix[4]pyrrole (CPA) and it includes:
i) A bibliographical review about calixpyrroles
ii) The synthesis and characterisation (structural and thermodynamic) of CPA in
different solvents.
iii) A detailed study of the interaction of CPA with different ionic species using
different techniques (*H NMR, conductance and calorimetry). It is 
demonstrated that CPA and its parent compound not only interact with anions 
but also with cations, and thermodynamic data for cation complexation 
processes involving these receptors are first reported.
The second topic of this work concerns:
i) A general review about silica and its different forms with a discussion on
hexagonal mesoporous silicas.
ii) Synthesis and characterisation (XRD, IR, TGA-DTA, elemental analysis and N2
sorption).of these materials.
iii) An investigation of the applications of synthesized silicas for the removal of a
wide range of pollutants (polyphenols, pesticides, dyes and ionic species) from 
aqueous medium. Parameters aiming to establish the optimal experimental 
conditions for the removal of pollutants from water (mass: solution ratio, pH 
and temperature effects) as well as the kinetics of the extraction processes 
have been investigated..
Conclusions, suggestions and perspectives for future work are included.
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Chapter 1. Introduction
Glossary of Terms
CD3CN: Deuterated acetonitrile 
CD30D: Deuterated methanol 
de-Acetone: Deuterated acetone 
de-DMSO: Deuterated dimethyl sulfoxide 
dv-DMF : Deuterated dimethyl formamide 
CP: Calix [4]pyrrole
CPA:Meso-tetramethyi-tetrakis-[(4"N,Ndiethylacetamide)phenoxymethyl]calix[4]pyrrole
ISE: Ion Selective Electrode
TDDMACl: Tridodecyl méthylammonium chloride
SEI: Solid Electrolyte Interface
DCE; 1,2-Dichloroethane
TBACl: Tetrabutylammonium chloride
CH2CI2: Dichloromethane
ITC: Isothermal Titration Calorimetry
TEA: Tetraethylammonium
TBA: Tetra-n-butylammonium
MM A: Methyl methacrylate
TBAF: Tetrabutyl ammonium fluoride
CD2CI2: Deuterated dichloromethane
TEOS: Tetra ethyl orthosilicate
DDA: Dodecylamine
BTME: 1,2-bis-(methoxysilyl)ethane
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ODTMA: Octadecyltrimethylammonium
PMOs: Periodic Mesoporous Organosilicas
MCM-41: Mobyi Crystal ine Material
FDA: Food and Drug Administration
WHO: World Health Organisation
F AO: Food and Agriculture Organisation
PAN: Pesticide Action Network
TMSPCl: 3-Chloropropyle trimethoxysilane
THAM: Tris(hydroxymethyl)aminomethane
MeCN: Acetonitrile
TTF: Tetrathiofulvalene
MeOH: Methanol
EtOH: Ethanol
THF: Tetrahydrofurane
DMSO: Dimethyl sulfoxide
DMF: Dimethyl formamide
PC: Propylene carbonate
CHCI3: Chloroforme
AP: Aminopropyle silane
FIMS: Hexagonal mesoporous silica
AC: Acetamide
AK: Alephatic ketone
AM: Alephatic Amine
AH: Maleic anhydride
BO: Phenylboronic acid
CD: Cyclodextrin
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SIL: Silica-gel
A b e t '  Specific surface area according to Brunauer, Emmet and Teller (BET) theory 
Abjh: Mesopors surface area
D bjh '- Pore diameter according to Barrett, Joyner and Halenda (BJH) method 
Vbjh: Pore volume according to Barrett, Joyner and Halenda (BJH) method
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Chapter 1
1 Literature review
1.1 Introduction
The development of host guest chemistry can be divided into two main eras; the classic 
host guest chemistry and self-assembly and molecular encapsulation. The first era started 
with Cram in the seventies and this is focused on the development of synthetic hosts that 
are capable of binding guest ions or molecules. The field began with ionophores such as 
crowns, cryptands, and spherands, although these hosts were pre-dated by cyclodextrins 
and cyclophanes (Scheme 1.1).
oc ]
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Scheme 1.1 Structures of some common host molecules
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Cram has developed the cavhands\ rigid bowl-shaped molecules derived from 
resorcinarenes. Shortly after that he reported the synthesis of carceplexes^ which are 
spheroid compounds formed from two or more hemispherical cavitands^. Carceplexes 
entrap guest molecules in a way that it is possible to lose the guest only through the 
rupture of the covalent bonds. In a related fashion, acetal-bridged carceplexes were 
prepared in high yield by bridging the two bowls with bromochloromethane in the 
presence of a suitable guest (Scheme 1.2/'^.
CHgBrCl .K2CO3. 
Guest
a. R = CH3
b. R » (CH2)4CH3
c. R = CH2CH2Ph
d. R = (CH2)-jqCH3
Scheme 1.2 Procedure of acetal-bridged carceplexes preparation
Encapsulation is one of the more recent forms of molecular recognition, where small 
molecules are completely surrounded by larger molecular assemblies (Supramolecules) 
and steric barriers keep the guest from escaping the host. This process can take place in 
three different ways*:
• Self assembling systems or hollows, where pseudo-spherical structures (like 
calix[4]arenes in a “cone” conformation) catch small molecules
• Two supramolecules are brought together (rim to rim) and are able to form a bowl 
nurtured by hydrogen bonds
• Polycaps involves the reversible formation through hydrogen bonds between the 
hemisphers, assembled head-to-tail, leading to the formation of dimers
Given the importance of supramolecules in encapsulating guest species, it is not 
surprising that a number of research groups have devoted considerable effort to the task 
of generating new receptors capable of encapsulating guests. Among these self-assembled
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molecular capsules, calixarenes and resorcarenes were extensively studied by Rebek’s 
and Bohmer’s groups^'
In this regard the work discussed in this thesis involves complexation processes involving 
a calix[4]pyrrole derivative and various ionic species. In an attempt to use these 
macrocycles supported on solid matrices as remedy for pollutants in water, the synthesis 
and the characterisation as well as the application of mesoporous silicas will be also a 
concern of this thesis.
Having discussed the relevance of Supramolecular Chemistry in the next section, the 
chemistry of calixpyrroles will be discussed.
1.2 C alixpyrroles
Calixpyrroles or meso-substituted octamethyl porphyrinogens are generally crystalline 
stable materials easily obtainable. The term “porphyrinogens” is widely accepted in the 
literature, but the octamethyl porphyrinogens are not homologous of porphyrins. 
Therefore, the term calixpyrrole can be used to describe these molecules. Such renaming, 
which has been used before to name other hyterocyclic ring systems, would allow the 
analogy to calixarenes to be more reasonable. The early obtained calixpyrroles were 
synthesized by Baeyer^'^’'^ by condensation of pyrrole and acetone in the presence of HCl. 
Then modified calix[4]pyrrole started to be synthesised by Brown et a f^ . Floriani et aÛ^ 
have studied the metallation of these molecules’^ ’'*. Their anion binding potential was 
discovered by Sessler and co-workers'^. Recently Danil de Namor and co-workers 
published a detailed work about the thermodynamics of complexation of calix[4]pyrroles 
with anions^ '^^^.
1.2.1 Synthesis and modification
Calix[4]pyrroles are usually synthesized by the acid-catalyzed condensation between a 
carbonyl compound and pyrrole in the so-called Rothemund condensation^*. The original 
synthetic work on calixpyrroles was reported by Baeyer"'' in 1886 (Scheme 1.3). A 
number of strategies have been developed over the past two decades to synthesize various 
functionalized calix[4]pyrroles^*’^ .^ A wide variety of catalysts including chlorozinc, p- 
toluene sulfonic acid, glacial acetic acid, zeolites and Lewis acid impregnated
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mesoporous silicas were employed and occasionally Schlenk techniques were used to 
improve the yield for a specific synthesis^®*^ ' .^
(C H JX O
HCl/ room Temp H -NN—H
1
Scheme 1.3 Synthetic procedure used by Baeyer for the preparation of meso-octamethyl 
porphyrinogen (1)
The synthesis of calixpyrrole derivatives often turned out to be not so straightforward. 
Some of the new calixpyrroles recently synthesized are now discussed.
Cheng and co-workers^^ synthesized a calix[4]pyrroIe receptor containing two anti­
symmetrically meso-situated acenaphthenequinone moieties by a two steps synthesis. The 
first step targets the synthesis of dipyrrolemethane by the reaction of pyrrole with diethyl 
ketone, while the second step deals with the condensation of the dipyrrolemethane and 
acenaphthenequinone in the presence of methanesulfonic acid as the catalyst. (Scheme 
1.4).
o
HI ■m HN
2
Scheme 1.4 The synthetic route of the acenaphthenequinone calix[4]pyrrole receptor (2)
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Recently Sessler and co-workers^*^ have prepared a crown-6-calix[4]arene-capped 
calix[4]pyrrole (6 ) in four steps (Scheme 1.5). The first step aims to attach p~ 
hydroxyacetophenone to the crown-6-caIix[4]arene (3) to obtain a symmetrical ketone 
pendant to the crown-6-calix[4]arene (4). This serves as a starting material for the 
preparation of the dipyrrole crown-6-caIix[4]arene (5) that can be cyclised in the presence 
of trifluoroborate.
- o r
K^CQ3.CH3CN TFA
Scheme 1.5 The synthetic route of the crown-6-calix[4]arene-capped caIix[4]pyrroIe (6 ) 
receptor
The same group synthesized previously a calix[5]arene-capped calix[5]pyrrole in one pot 
reaction by the condensation of /?-tert“butylcalix[5]arene pentamethylketone with pyrrole 
in the presence of a Lewis acid to afford the calix[5]pyrrole-calix[5]arene pseudo dimer 
(7) (Scheme 1.6). This species constituted the first example of an expanded calixpyrrole^^.
Significant progress has been made in the last few years on the synthesis of 
calix[4]pyrroles and the ‘higher order’ or ‘expanded’ calix[n]pyrroles (n>4). This period 
has also been marked by a number of preparative advances, including the synthesis of N- 
confused calix[4]pyrroles.
Within this context, Sessler and coworkers^* introduced a different strategy for the 
preparation of expanded calixpyrroles that relies on the use of bipyrrole, rather than 
pyrrole, as the key heterocyclic building block. Using this approach they have 
successfully prepared a large calixpyrrole analogue (8 ), including two calix[4]bipyrroles 
and two carbazole subunits instead of two of the four acetone bridging elements (Scheme 
1.6).
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Scheme 1.6 The synthetic route o f the calix[5]arene-capped calix[5]pyrrole (7) and 
calix[4]pyiTole[2]carbazole (8) receptors
The condensation of ketone and pyrrole also produces a certain number of C2, C4-pyrroIe 
connections giving rise to N-confused caiix[4]pyrroIes. The first N-confused calixpyrrole 
synthesis was reported in 1999 by Dehaen and co-workers^^, inspired by the earlier work 
on N-confused porphyrins. Mixtures of equimolar amounts of pyrrole and cyclohexanone 
were heated for four hours in toluene at reflux temperature with p-toluenesulfbnic acid as 
the catalyst. The mixture was evaporated to dryness, dissolved in chloroform, filtered, and 
purified by chromatography yielding two different calix[4]- pyrroles 9 and 11 and a third 
chloroform-insoluble fraction as a mixture of doubly N-confused isomers, 12 (a-e), (see 
Scheme 1.7).
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Scheme 1.7 Structures of the different N-confused calix[4]pyrroles
1.2.2 Interaction of calixpyrroles with anions
The interest in anion coordination has become more widespread after realising the 
important role that anions play in diverse disciplines. The selective binding of 
calixpyrrole receptors for anions was studied by various methods including NMR 
studies, spectrophotometry, conductometry and calorimetry. The lack of thermodynamic 
studies on calixpyrroles’ interaction with anions in the literature has led Danil de Namor 
and coworkers to launch a series of studies on the thermodynamics of complexation of 
these systems in non aqueous solvents^^'^^.
Stability constant (expressed as log Kg) and derived standard Gibbs energies, 
enthalpies, and entropies, A^ S*”, of complexation of calix[4]pyrrole
derivatives represented in Shceme 1.8 and anionic guests in acetonitrile and N,N- 
dimethylformamide are summarised in Table 1.1.
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Scheme 1.8 Structures of different calix[4]pyrrole derivatives used by Danil de Namor 
and coworkers^®'^^.
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Table 1.1 Thermodynamic parameters of complexation of calix[4]pyrrole derivatives 
with anions as ^e/ra-w-butylammonium in acetonitrile and N,N-dimethylformamide at 
298.15
Receptor Anion L;X‘ log Ks A,77°
1
F~ 1:1 6 .2 1 “ -35.4 -43.5 -27
c r 1:1 4.70 -26.8 -44.7 -60
Br~ 1:1 3.65 -2 0 .8 -30.7 -33
r 1:1 1.55 -8 .8 -4.0 15
H ,P o ; 1:1 5.00“ -28.5 -48.1 -6 6
13
F~ 1:1 5.44 -31.1 -32.4 -5
c r 1:1 3.82 -2 1 .8 -20.5 5
Br~ 1:1 3.20 -18.2 -15.4 9
1:1 4.82 -27.5 -32.1 -15
14
F~ 1:1 3.08'' -17.6 -97.1 -267
c r 1:1 2.36" -13.5 -55.9 -142
Br~ 1:1 1.61" -9.2 -58.6 -166
77,f o ;
1:1 4.80 -27.4 2 0 .2 25
1:2 4.66 - 15.2 -29.9 -50
15
F~
1:1 5,00 -28.5 -31.4 -1 0
1 :2 4.72 -27.0 -61.5 -116
c r 1:1 2.43“ -13.9 -86.4 -244
77,f o ;
1:1 4.80 -27.4 -61.5 -116
1 :2 4.66 -15.2 -29.9 -50
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Receptor Anion L:X‘ log Ks A,77“ A,^“
16“
F~
1:1 4.3 “24.6 -2 1 .1 12
1 :2 2 .8 -15.7 -6.4 32
1:1 4.11 -23.4 -22.74 3
17
F - 1:1 5.0 -28.7 -2 0 .2 29
cr 1:1 3.3 -18.7 -3.1 52
Br~ 1:1 2 .2 -12.7 - 1,8 36
18
F~ 1:1 5.25 -29.9 -31.5 -5
cr 1:1 4.15 -23.7 -51.7 -95
Br~ 1:1 3.46 -19.7 -34.6 -49
77,f O ;
1:1 4.0 -22.7 -43.7 -70
2 :1 3.7 -2 1 .2 -17.8 11
“ Competitive calorimetry 
" Microcalorimetry 
“ DMF
The remarkable feature o f the data in Table 1.1 is the selective behaviour of the 
calix[4]pyrrole ligands towards anions in acetonitrile and N,N-dimethylformamide, Thus 
these receptors are able to recognise the anions in the following order,
F~>cr >Br~>r
It is therefore concluded that these receptors are more selective for fluoride relative to 
chloride, bromide and iodide in acetonitrile and N,N-dimethylformamide.
As far as non spherical anions are concerned, the dihydrogen phosphate is taken here as a 
representative example o f these type of anion interaction with calix[4]pyrrole derivatives. 
All the receptors represented in Table 1.1 were found to interact with dihydrogen 
phosphate anions in acetonitrile and N,N-dimethylformamide but not all of them are able
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to discriminate selectively between these anions and the fluoride ion in these solvents. 
Hence except 14 which shows a slight selectivity for dihydrogen phosphate relative to the
fluoride anion ( =0.5) in acetonitrile, the selectivity factor of other/  A, )
receptors for fluoride relative to the dihydrogen phosphate ion is around one.
The complexation processes of all receptors 1, 13-18 with the fluoride and the chloride 
anion in acetonitrile and N,N dimethylformamide are enthalpicaly controlled 
(|A^,i7"|>|rA^5'‘’|). As far as enthalpies and entropies of complexation of 1 are concerned,
the higher stability of the fluoride anion in acetonitrile relative to chloride is mainly 
attributed to the less unfavourable entropy change of the former relative to the latter anion 
given that the enthalpy values of this receptor with both anions do not differ significantly.
The stability constant values for the complexation process between 13 and anions in 
acetonitrile are lower than those of 1 in this solvent. This decrease is due to the 
introduction of the phenol groups at the bridge between the pyrrole rings. Two main 
factors can affect the complexation in this case. The first one is the steric effect where the 
phenol groups form a rigid wall restricting easy access of the anions to the pyrrole 
protons. The second factor could be attributed to the repulsive effect of the aromatic rings 
that act as negative charges.
Examining the thermodynamic parameters of the complexation of 14 and 15 and anions in 
acetonitrile, it can be seen that 14 is able to interact with anions in the following order,
7 7 , >  F -  > c r  > Br - > 7"
Receptor 15 shows a similar trend in terms of selectivity in acetonotrile except that the 
affinity for the fluoride anion is similar to that of dihydrogen phosphate with a slight 
preference for the former anion. A 1:2 (ligand: anion) stoichiometry was observed with 
F “and 7 7 , while a 1:1 complex is formed in the case of C/“with a modest stability 
constant.
The complexation processes of these ligands with anions in acetonitrile are enthalpicaly 
favoured; this implies that the binding energy of the ligand is the main contributor to the 
Gibbs energy of the process.
Studies on the interaction of 16 with anions in N,N-dimethylformamide show that the 
thermodynamic data fits into a 1 :2  (ligand: anion) stoichiometiy, while for the dihydrogen
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phosphate anion the data responds to a model involving a 1:1 process. The 
thermodynamic parameters of complexation of fluoride and 15 in this solvent reflect that 
both, enthalpy and entropy contribute favourably to the Gibbs energy of the process. 
However, while the formation of the 1:1 complex is enthalpically controlled, it is the 
entropie factor which contribute more favourably to the stability of the 1 :2  (ligand: anion) 
complex. As far as the interaction of 16 with H^PO^ anion is concerned, the 
complexation process is enthalpicaly controlled. The thermodynamic data of the 
complexation process o f 17 with anions in acetonitrile show complexes of 1:1 (ligand: 
anion) stoichiometry. The results also show that the complexation processes are 
enthalpicaly controlled and the stability constant is the result of a remarkable enthalpy- 
entropy compensation effect and this is shown by the linear relationship found between 
A ^/ï'and values =306.77(JC)*A^S“ (/.m o/"'.A :-')-18.80(fe/.m or') ).
Thermodynamic parameters of complexation of 18 with halides anions in acetonitrile 
show that the ligand selectivity follows the order,
F '> C r  >Br~
The complexation process is enthalpicaly favoured.
The ability of 18 to discriminate between anions was assessed by calculating the 
selectivity factor, which is defined as the ratio between the thermodynamic stability 
constant of 18 and two anions in a given solvent and temperature as shown in eq. 1 .1 .
The selectivity factors taking fluoride as a reference show that 18 is more selective for 
fluoride relative to chloride, bromide and dihydrogen phosphate in acetonitrile by factors 
of 13, 62 and 19 respectively. Thermodynamic data of complexation of this receptor with 
anions were compared with those of 1 and the same anions in the same solvent. The most 
distinctive feature of the data is that stability of anion-1  complexes is greater than that of 
18 and this must be due to the replacement of one pyrrole ring in 1 by a thiophene ring in 
18 which led to a decrease in the anion complex stability of the latter with respect to the 
former.
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1.2.2.1 Calixpyrrole Applications
The field of anion binding is less developed than that of cation chelation. It is one of the 
most important branches of Supramolecular Chemistry and molecular recognition. Anion 
receptors play a very critical role in the development of fluorescent sensors, 
electrochemical signalling devices and ion selective electrodes. It is also appreciated that 
anion receptors anchored to solid supports may play an important role in the removal of 
toxic anions as well as in the separation of charged species. Finally it is becoming 
recognised that biocompatible anion carriers may hold the key for the development of 
new treatments for cystic fibrosis and AIDS. Given their importance, a considerable 
amount of work has been focused on calixpyrroles as anion binding receptors.
• Ion selective electrodes
Ion selective electrodes (ISEs) are analytical devices that can provide information by 
detecting selectively one or more species in a mixture of substrates. They are sensors 
which converts the activity of specific ions dissolved into an electrical potential which 
can be measured by a voltmeter. The voltage is dependent on the logarithm of ionic 
activity, according to the Nernst equation. The sensing part of an ion selective electrode is 
usually made from an ion selective membrane which has the highest affinity for that ion. 
Therefore it is very important from a supramolecular point of view to construct ISEs from 
supramolecules that can provide a convenient method for characterizing the properties of 
substrates in interfacial organic-aqueous conditions. Furthermore ISEs are interesting 
tools. They still remain as the most useful application which can help to translate the 
chemistry of new substrates binding systems into tools that can be used to recognise 
selectively various targeted species in the presence of potentially interfering analytes. 
Therefore it is not surprinsing, that ISEs for anion recognition have been extensively 
explored by different research groups.
Umezawa '^®, M eyrhoff' and others"' '^'''' used a range of receptors including polyamine 
macrocycles, cytosine pendant triamine, urea functionalized porphyrin and tin (IV) 
tetraphenyl porphyrin.
Calixpyrroles emerged as very attractive anion receptors. However there have been very 
few attempts using these receptors in electrochemical applications. Sessler and co- 
workers'^^ used meso-octamethylcalix[4]pyrrole and its analogous
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dichlorocaIix[2]pyiTole[2]pyndine and tetrachlorocalix-[4]pyridine as anion carriers 
(Scheme 1.9). The pyridine bearing receptors were studied as a mixture of isomers. In 
these structures, each of the individual pyridine subunits bears a single chlorine 
substituent at either the 3 or 5 positions (CP or C l \  but not both.
% y  Me
19
Scheme 1.9 Structures of meso-octamethylcalix[4]pyrrole (19) ,
dichlorocalix[2]pyrrole[2]pyridine (20) and tetrachlorocalix-[4]pyridine (21) investigated 
by Sessler and co-workers'^^
The assembly of the cell was made by first adding the receptors to PVC and the 2- 
nitrophenyl octyl ether (o-NPOE) as a plasticizer in the presence and in the absence of an 
auxiliary lipophilic additive, tridodecylmethylammonium chloride (TDDMACl). The 
mixtures were made according to the details given in Table 1.2. Control membranes, 
containing only TDDMACl were also prepared using the same methodology. Then 
membranes obtained in this way were fixed on a polymeric mounting ring (inner 
diameter: 8 mm) and mounted on a liquid membrane-type ISE body.
Table 1.2 Composition o f Membranes Based on Receptors 19-21 and TDDMACl
Active
Membrane Artivpcomponent Active
Composition, wt %
Cationic
component additive Plasticizer PVC
Control
experiment
19,20 or 21 
19, 20 or 21
TDDMA
1.0
1.0
0.2
0.2
66.0
65.9
66.5
33.0
32.9
33.3
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The calomel electrode [Hg/HgiClg, KCl (saturated solution)] was used as a reference 
electrode.
The selectivity for ISEs (PVC-membranes) based on dichlorocalix[2]pyrrole[2]pyridine 
(20) and tetrachlorocalix[4]pyridine (21) towards a range of investigated anions, namely 
F ~, C r , Br~, H^PO^ / HPOl~, was found to be pH dependent. In the case of the hybrid
system 2 0 , the selectivity reflects the presence of both, pyridinium-derived coulombic
attractions and “pure” calixpyrrole-like pyrrole NH anion hydrogen bonding
interactions. This is particularly apparent in analyzing the ISE response towards 
hydrophilic anions such as fluoride and phosphate. Protonation effects are not believed to 
be operative in the case of the ISEs based on 19. In this case, pure pyrrole
NH anionic substrate hydrogen-bonding interactions are thought to mediate anion
recognition. As a consequence, the ISE based on 19 displayed strong responses towards 
bromide, chloride and dihydrogen phosphate anions and to a lesser extent to fluoride 
anions. This behaviour can be explained on the basis of the high hydration energy of the 
fluoride relative to other anions. At pH 9, calix[4]pyrrole containing ISEs show cationic 
responses (positive slope) for chloride and bromide anions. This is explained by the fact 
that the PVC membrane can form a negatively charged complex in the membrane phase, 
able to attract different cations. Hence a positive potential response was observed.
Solid polymer electrolytes based on poly (ethylene oxide) (PEO) are known for their 
applications in solvent free lithium rechargeable batteries. In most polymer electrolytes, 
both, anions and cations are generally mobile. Restricting the mobility of anions without 
affecting the lithium cation mobility is desirable in lithium rechargeable batteries. 
Recently Kalita et al.^^ used a calix[6 ]pyrroIe (22) (Scheme. 1.10) as an additive to 
polyether based electrolytes doped with LiBp4 as an anion trapping group to enhance the 
mobility of lithium. Membranes were prepared from the addition of PEO to the lithium 
salt (LiBp4) dissolved previously in MeCN. The solution was stirred in order to dissolve 
completely the PEO. Calix[6 ]pyrrole was dissolved in dichloromethane in a separate flask 
and then added to the previous solution to obtain an homogeneous slurry. Successively, 
the slurry was cast on Teflon sheets and the solvents were slowly removed. Free-standing, 
homogeneous membrane samples were obtained having a thickness of approximately 100  
pm. Different membranes with different 22 content were prepared following the same 
procedure.
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Scheme 1.10 The l,l,3,3,5,5-meso-hexaphenyl-2,2,4,4,6,6-meso-hexamethylcalix[6]pyrmIe 
(2 2 ) extended cavity used as an anion ti*apping group
The lithium ion transference number (t^) (eq. 1.2) of the membrane samples were 
measured between temperatures in the 50-90 “C range for various content of 22 and salt in 
the polymeric electrolyte system. The steady state technique, which involves a 
combination of AC and DC voltage measurements, was applied.
111 eq. 1 .2  /„ =- ^ V is the initial current arising immediately after 10 ps of a small{R^+Rq)
DC voltage AV was applied. Iss is the polarization current reached by the cell after 
application of the voltage AV for 2 to 3 hours. Re denotes the electrolyte resistance 
determined by applying an AC current. Ro and Rss are respectively the resistance of the 
solid electrolyte interface (SEI) before and after a DC current polarization.
All the t"*" values obtained from eq. 1.2 are collected in Table 1.3.
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Table 1.3 Lithium transference numbers for PEO-LiBF4-calix[6 ]pyrrole electrolytes
Type of the electrolyte Molar fraction of the calix[6 ]pyrrole
Lithium transference 
number f*"
(PEO)2o-LiBF4 0 .0 0 0.32
(PEO)2o-LiBF4 0.13 0.78
(P E O )2 o-L 1B F4 0.25 0.81
(PEO)2o-LiBF4 0.50 0.85
(PEO)ioo-LiBF4 0.25 0.95
(PEO)ioo-LiBF4 1 .0 0 0.92
Table 1.3 presents values of lithium transference numbers obtained for PEO based 
electrolytes doped with various amount of LiBp4 and 2 2 .
It is observed that the addition of small fractions of 22 (~ 0.25) to the PE0 -LiBF4 
electrolytes results in an increase in the lithium transference numbers. However a further 
increase in the fraction of 22 results in only a small increase in these numbers. Also an 
increase of temperature results in a decrease in the lithium transference numbers. This can 
be observed when the ionic conductivities for PE0 -LÎBF4 electrolytes with and without 
22 were studied as a function of temperature. Fig. 1.1 presents Arrhenius plots of ionic 
conductivities for (PEO)ioo~LiBF4 and (PEO)2o-LiBF4 electrolytes with and without 22 
additives. For both systems, the addition of 22 is followed by a decrease in the 
conductivity. This decrease is more pronounced for composite electrolytes with high 
concentrations of supramolecular additives. Also it can be observed that (PEO)ioo-LiBp4 
electrolytes show the most pronounced decrease in conductivity.
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Fig 1.1 Arrhenius plots of ionic conductivity for PEO20-LiBp4 electrolytes for systems: 
without 2 2  addition (A ), with 0 .2  ratio addition (♦) and 0.4 ratio (■) and for (PEO)ioo- 
L1BF4 electrolytes for systems: without 22 addition (A), with 1:1 ratio addition (0) and 
1 :2  ratio (□)
The increase observed in the transfer numbers for lithium upon the addition of 22 is 
usually associated with a decrease in the conductivity of the sample studied. The 
explanation which has been adopted of this phenomenon relies on the immobilization of 
mobile anions which results in a decrease in conductivity. This effect is particularly 
evident at low concentrations of lithium salts for which a high concentration of “free 
anions” can be expected. However, the behaviour observed for a high salt concentration 
cannot account on such simple explanation. Because of the low dielectric constant of 
polyethers (which can be assumed to be highly viscous or solid solvents), their lithium 
complex salts (LiBp4) can be considered to behave as weak electrolytes. Therefore, for 
high salt concentrations, a large fraction of ion pairs and higher aggregates should be 
expected to be present in solution.
Anion receptors containing redox-active organometallic groups such as ferrocene or 
cobaltocenium allow the binding of anions to be detected by an electrochemical response 
of the metallocene redox couple'^^. These systems were incorporated into various acyclic, 
macrocyclic and calix[4]arene frameworks. Many of these macrocycles include a
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hydrogen-bonding group which can help in traping anions. Receptors can operate in a 
wide range of environmental conditions, including aqueous solutions.
The ferocene moiety was studied extensively in the context of redox-responsive anion 
receptors'^ '^^*. Calix[4]pyrroles, (Scheme. 1.11) bond and electrochemically sense fluoride 
and acetate ions in acetonitrile via favourable electrostatic interactions.
HN
NH
^  -NH
Scheme 1.11 Redox anion receptors based on calix[4]pyrrole and ferrocene
The electrochemical properties of the anion receptors 23 and 24 were investigated by 
cyclic voltammetry (CV) and square-wave voltammetry (SWV) in acetonitrile. The 
receptor was firstly scanned between +300 and -100 mV (vs Fc/Fc'*'), and a reversible 
Fc/Fc"  ^wave was observed. When the cyclo-voltammogram was scanned between +800 
and -100 mV, a further oxidation wave appeared, which could be attributed to the 
calixpyrrole redox-activated centre. The Fc/Fc"  ^redox potentials of the receptors and their 
stability constants with these anions and the ligands in acetonitrile at 298.15 K are 
summarized in Table 1.4. Among the halides, the F~ induced the greatest cathodic shift 
of the Fc/Fc^ couple followed by Cl" and Br". Among the non-spherical anions, the 
H^POl~ caused the largest cathodic shift, which was more pronounced than that of
CH^COO~ and even larger than those for the halides. Additionally, the anion 
caused a small anodic shift.
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Table 1.4 Binding and electrochemical properties of compounds 23 and 24 in acetonitrile 
at 298.15 K
Anion
Receptor 23 Receptor 24
log Ks Ei/2 (mV) AE (mV) Ks Ei/2 (mV) AE (mV)
No anion N/A 196 N/A N/A 192 N/A
F' >5.00 80 116 >5.00 1 1 2 80
o r 3.55 164 32 3.72 160 32
B f 1.90 2 0 0 -4 2.17 196 -4
H2PO-4 2 .8 8 54 142 3.27 60 132
CH3COO- >5.00 12 0 76 >5.00 1 1 2 80
HSO'4 ND 208 -1 2 ND 2 0 0 -8
Proton NMR anion titration studies in C D 3C N , at 298 K reveal considerable downfield 
shifts, particularly for the calixpyrrole NH and amide protons as well as the C-H 
ferrocene protons. The fluoride and the dihydrogen phosphate anions cause significant 
changes in the NMR of receptor 23 where almost all the sites are affected. Significant 
chemical changes in the 'H NMR of the receptor are observed with the acetate anion. 
Unlike the dihydrogen phosphate anion, the amide NH did not disappear which is a good 
indication that the calixpyrrole provides the main binding sites of interaction. Smaller 
chemical shift changes were observed with the addition of chloride, bromide and 
hydrogen sulphate to these receptors in this solvent.
• Optical sensors based 011 calixpyrroles
Linking a calix[4]pyrrole anion recognition subunit to chromophores or fluorophores via 
an alkynyl spacer attached to a p-pyrrolic position of a calix[4]pyrrole core produces a 
new class of anion sensors. This permits the detection of halide, phosphate, acetate and 
sulphate anions in organic media via a direct, so-called "naked-eye" visualization or 
fluorescence quenching-based spectroscopic means. Colorimetric chromophores have 
been used with signalling units such as nitrophenyl^'^’^ ,^ anthraquinone*^^’^ ,^ and
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nitrobenzene azo groups^^’^  ^ and other electron-withdrawing moieties™’^ * covalently 
attached to an anion receptor.
Recentely Nishiyabu et prepared three calixpyrrole-based chromogenic sensors 
(Scheme. 1.12) via an electrophilic aromatic substitution. Sensor 25 was prepared by an 
electrophilic aromatic substitution reaction of octamethylcalix[4]pyrrole with 
tetracyanoethylene. Sensors 26 and 27 were obtained by the condensation of formyl- 
octamethylcalix[4]pyrrole with 1-indanylidenemalononitrile and anthrone, respectively.
25 26
H HN
Scheme 1.12 The three chromogenic calix[4]pyrrole naked-eye based sensors
The anion sensing ability of sensors 25, 26 and 27 was studied on a qualitative level by 
visual examination of the anion-induced colour changes before and after the addition of 
the anion. Dramatic colour changes were obseiwed when mixing sensors 25-27 with 
fluoride, acetate, pyrophosphate and phosphate suggesting strong binding of the sensors 
with the anion tested. While the addition of chloride, bromide, iodide or nitrate does not 
show any colour changes. Absorption spectroscopy titration experiments revealed large 
bathochromic shifts in spectra of sensors 25-27 upon the addition of anions corresponding 
to changes in colour. In Fig. 1.2 are represented some titration spectra of sensors 25-27 
with selected anions.
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Fig 1.2 Representative examples of absorption spectra of 25-27 in the presence of 
selected anions in DMSO at 295 K
The stability constants for the complexation of receptors 25-27 and various anions are 
represented in Table 1.5.
Table 1.5 Stability Constants for receptors 25, 26, and 27 (as log Ks) calculated for 
anionic substrates in DMSO (0.5 % of water) at 295 K
Anion receptor 25 receptor 26 receptor 27
F > 6 .0 0 > 6 .0 0 5.71
c r 3.14 2 .8 8 2.97
CHjCOO' 5.38 4.34 4.02
HPfi]- 5.76 4.68 4.00
H,PO; 3.72 3.74 3.65
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From Table 1,5, it is observed that receptors 25-27 strongly bind fluoride, acetate, 
pyrophosphate and phosphate anions in DMSO at 295 K. The binding affinities for 
chloride anions in this solvent are week. The strong anion binding behaviour of these 
receptors can be attributed to the withdrawing character of the chromogenic units attached 
to the calixpyrrole. These moieties increase the acidity of the pyrrole NH proton, which, 
in turn, enhances the availability of the NH for entering strong hydrogen bonding 
interactions with the anions. NMR titration of these receptors with different anions is 
in agreement with the results obtained from the spectrophotometric titration and shows a 
downfield shift of the NH pyrrolic protons. Also the simplification of the C-H signals of 
the pyrrolic protons is an indication of a transition of the receptor from a 1,3-alternate to a 
symmetrical “cone-like” conformation.
In a recent work Nielsen et al?'^ synthesized a tetrathiofulvalene (TTF) calix[4]pyrrole 
(Scheme 1. 13) by linking the TTF unit directly to the ^^-pyrrolic position of the 
calix[4]pyrrole core.
The interaction between this receptor and neutral guests 29, 30 and 31 (Scheme 1.13) 
were investigated in 1,2-dichloroethane (DCE) solution at 295 K using absorption 
spectroscopy. It was found that the receptor 28 (Scheme 1.13) and guests 29, 30 and 31 
do not display any notable absorption bands in the visible region beyond 550 nm when 
these are the only species in solution (Fig. 1.3). However the addition of 2 equivalents of 
any of the guests 29, 30 or 31 to a dichloromethane solution of receptor 28 results in an 
immediate colour change and the appearance of new absorption bands in the visible-near- 
infrared region. These changes in the absorption spectra are believed to arise from the 
Charge Transfer (CT) interactions from the TTF donor units in receptor 28 and the 
electron deficient species 29-31, which act as receptors. The calix[4]pyrrole units enhance 
the CT interaction in receptor 28 through hydrogen bonding interactions involving the 
pyrrolic NH proton and the hydrogen bonding acceptor group in guests 29-31.
Complexes of receptor 28 with the neutral guests 29-31 in CDCI3 at 298.15 K were also 
studied in the presence and the absence of Cl~ anions. Thus the addition of 2 equivalents 
of reP'ar-M-butyl ammonium chloride (TBACl) to solutions of 28 containing any of the 
guests 29-31 causes the colour of the solution to reverse back to the original yellow 
colour. Within the spectrophotometrical context, this transformation is accompanied by 
the disappearance of all absorption bands above 550 nm. This change is explained by the
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fact that the chloride anions present in solution are able to compete with the electron- 
deficient guests for the NH protons of 28. As a result an equilibrium between 1,3- 
alternate and the “cone” conformation is established.
O2N
SPr
SPr
NO2
29
SPr
N C^X N
NO
,-Me
30
NO2 
31
Scheme 1.13 Structure of the receptor 28 and the electron-deficient guest 29, 30 and 31 
used by Nielsen et
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Fig 1.3 Absorption spectra recorded in CH2CI2 of receptor 28 alone and mixed with 
guests 29,30 and 31 in the presence and the absence of chloride anions at 295 K
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Analysis of the interactions taking place between receptor 28 and guest 29 were studied 
using NMR. Thus the spectrum of 28 in CDCI3 reveals a signal at ô = 7.15 ppm which 
was ascribed to the NH of the pyrrolic ring. Addition of guest 29 to a deuterated 
chloroform solution of 28 results in a shifting of the NH protons of the calix[4]pyrrole 
unit to 7.79 ppm (Aô = 0.69 ppm). On the other hand the aromatic protons of guest 29 
were at 5 = 9.37 ppm. After interaction with 28, these protons shift to 9.20 ppm (Aô = - 
0.17 ppm). The downfield chemical shift change of the NH protons is consistent with a 
hydrogen bonding interaction involving the host and the guest.
It was also observed that upon the addition of Cl~ anions to a solution containing a 
mixture of receptor 28 and guest 29, the signal of Ar-H protons of 29 reverts almost 
completely back to its original position (5 = 9.35 ppm). However the shift found in the 
NH pyrrolic protons of receptor 28 to lower field (6  = 10.80 ppm) shows that strong 
hydrogen bonding interactions take place between the NH proton of the calix[4]pyrrole 
and the Cl~ anions in chloroform.
Thermodynamic parameters of complexation of 28 and CC anions in CH2CI2 at 298.15 K 
were determined using isothermal titration calorimetry (ITC). In doing so salts containing 
counter-ions such as 7e7ra-ethylammonium (TEA*^ or fgAvz-M-butylammonium (TBA^) 
were used. Thermodynamic parameters derived from this study are listed in Table 1.6.
Table 1.6 Thermodynamic parameters of receptor 28 and the chloride anion in 
dichloromethane at 298.15 K
Counter Ion Log Ks AcG  ^(kJ mof*) AcH°(kJmor*) TAcS° (kJ m o f)
TEA’" 5.93 -33.89 -48.74 -14.84
TBA^ 5.55 -31.68 -46.02 -14.34
The slight differences observed in log Ks and values may be attributed to the
presence of ion pairs in solution due to the low permittivity of the solvent used. In this 
medium, it is likely that these anion salts are slightly associated in this solvent and 
therefore these data are not representative of the process taking place in solution.
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• Calixpyrrole as anchoring groups to solid matrices
A growing interest in the attachment of calixpyrroies to solid matrices was observed 
recently in the area of separation chemistry. Calixpyrroies can be anchored to resins or 
silica supports by immobilization through an active spacer group. Resins containing 
calixpyrroies have been synthesized via (i): immobilization of calixpyrroies on a 
polymeric support, (ii) condensation of the calixpyrrole monomer with formaldehyde and 
(iii) radical copolymerization of calixpyrrole-monomer with methyl methacrylate and 
divinylbenzene^^. In all cases insoluble cross-linked materials were obtained. The 
attachment of calixpyrroies to a silica support can be achieved by coupling these receptors 
with aminopropyl silica gel under standard coupling conditions which depend on the 
spacer groups present in the calixpyrrole unit^^. Recently, Aydogan et al?^ reported the 
synthesis of a poly(methyl methacrylate) (MMA) with pendant calixpyrroies. In doing so 
hydroxylcalixpyrrole was treated with methacryloyl chloride under basic conditions 
(Scheme 1.14). Then the monomer containing methacrylate functionalities was 
polymerized by using conventional radical methodology^"^.
HN-NH
HN
32
■CH.
NH HN-
33 34
Scheme 1.14 Structures of methacrylate octamethylcalix[4]pyrrole (32), homopolymer 
(33) and copolymer (34)
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Following characterization of polymer 34, its solubility in most organic solvents was 
tested and it was found to be highly soluble. The ability of polymer 34 to bind anions 
under interfacial conditions was tested by adding a D2O solution of tetra-w- 
butylammonium fluoride or chloride (TBAF or TBACl, 90 mM) to a CD2CI2 solution of 
polymer 34. After shaking the tube vigorously and allowing the phases to separate, 'H 
NMR spectra were run for the dichloroniethanic solutions, A substantial downfield shift 
in the NH pyrrolic protons of the calixpyrrole was observed, as typically found in anion 
binding processes involving these ligands. The peaks ascribed to the methylene units in 
the TBA^ counter ion were also identified in the spectra of the mixture (ô = 3.2 ppm). 
This finding provides a good indication of the presence of both, ions (7^" or Cl~) and the 
counter ion (TBA^) in the organic phase. The chemical shift changes of the NH proton 
were found to be greater for chloride relative to fluoride. The result shows an enhanced 
capacity of the polymer to extract chloride than fluoride, which is not in accord with the 
relative anion affinity of calixpyrroies in dichloromethane. The ability of polymer 34 to 
bind other anions was also tested. No extraction was observed in the case of the tetra-n- 
butylammonium dihydrogen phosphate. As discussed by Danil de Namor et there 
are many factors which contribute to the extraction process involving ions and 
macrocycles among these are the partition of ions in the water-organic phase as well as 
ion pair formation.
The same group of researchers^^ reported the synthesis, characterization and extraction 
properties of a mixed methyl methacrylate (MMA) copolymer containing pendant 
calixpyrrole subunits (Icnown to bind anions in a 1:1 ratio in organic media) and a benzo- 
[15]-crown-5 subunits (capable of binding potassium cations in 2:1 sandwich complexes) 
(Scheme 1.15).
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Scheme 1.15 Structures of compounds examined for the ability to extract KF from water
Copolymers 37, 38 and 39 were prepared from methyl methacrylate (MMA), calixpyrrole 
methacrylate (35) and the benzo-[15]-crown-5 methacrylate (36) following the same 
procedure previously reported by the same group "^ .^ These copolymers were tested for the 
extraction of a solution containing two hard ions, namely potassium and fluoride. The 
addition of a D2O solution of KF (3.4 mol.dm'^) to a CD2CI2 solution containing each the 
three copolymers 37, 38, 39 (using the monomer 40 as a blank compound) resulted in the 
apparition of a signal at Ô = -121.7 ppm in the ^^F NMR spectrum when copolymer 37 
was present in the organic phase. Similar signals but with a reduced intensity were 
observed for polymers 38 and 39 (Fig. 1.4).
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Fig 1.4 NMR spectra of CD2CI2 solutions of copolymers a) 37 (effective 
[calix[4]pyrroIe] = 6.25 x 10"^  mol dm'^), b) 38 ([calix[4]pyrrole]=6.50 x 10’^  mol dm'^), 
and c) 39 (no calix[4]pyrrole), ([KF] = 3.4 mol dm'^)
Polymer 37 was found to extract more KF than polymer 38 and 39. To quantify the 
efficiency of the extraction of these copolymers two techniques were used: i) ^^ F NMR 
spectra of the organic phase were made in the presence of fluorobenzene (final 
concentration: 14.21 x 10  ^ mmol dm which was added to each sample as an internal 
standard (5 = -114.3 ppm). Estimations of the extracted amounts were made on the basis 
of comparative integrations (i.e., comparing total fluoride content in the CD2CI2 layer 
relative to this standard), ii) Flame Emission Spectroscopy (FES) was used to confirm the 
co-extraction of potassium with fluoride in the above experiments. Organic phases 
obtained after extracting KF with polymers 37, 38 and 39 afforded emission intensities at 
766.5 nm (i.e., the emission wavelength of the excited potassium ion) and by comparison 
with a standard curve made from Icnown concentrations of potassium. Thus the unknown 
concentration of K^ in the aqueous phase was calculated. The ability of these polymers to 
remove KCl from aqueous medium was evaluated using the same conditions as those for 
the extraction of KF from water. After exposing the polymer solutions to KCl in D2O (3.4 
mol dm'^), the organic phases were analysed using FES to determine the relative amounts 
of potassium removed. It was found that polymer 37 extracts 12.97 mol dm'^ o f K \  while 
polymers 38 and 39 extracted only 1.34 and 8.64 mol dm'^ of this cation salt respectively.
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Higher overall extraction values for KCl as compared to KF were observed. This is 
consistent with the relative hydration energies (Ai,G®) of chloride and fluoride anions 
(AhG°= -340 kJ m of’ for C l' vs. -465 kJ mol ' forF'-/^
The high yields obtained in the preparation of calixpyrroies encourage researchers to 
explore the industrial applications of these receptors. In this context, Sessler and co- 
workers^^ have produced two solid phase gels (gel M and gel B) by anchoring two 
calix[4]pyrroles derivatives to aminopropyl silica gel. The key precursors to these gels are 
the functionalized meso-hook and ^-hook calix[4]pyrrole esters 41 and 42. Thus receptor 
41 was synthesised from cyclohexanone, pyrrole and methyl 5-oxohexanoate, while 
acetone, pyrrole, w-buthyl lithium and ethyl bromoacetate were used for the preparation of 
receptor 42. Then these molecules were hydrolysed to produce calix[4]pyrrole monoacids 
43 and 44. These latter receptors were coupled to amino propyl silica gel with standard 
coupling conditions to give two solid supports containing amido calix[4]pyrrole groups 
[gel M (meso-hook) and gel B (/?-hook)] (Scheme 1.16).
HWNH NH HN
42
O H
O H
N H N HHN HN
HN
SiOs
Gel B
Scheme 1.16 structures of compounds used to prepare the solid supports containing 
amido calix[4]pyrrole groups [gel M (meso-hook) and gel B ()g-hook)]
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These gels were packed in a HPLC column and used for anion separation. HPLC 
experiments (using conductance to detect anions) proved that both gels B and M 
selectively retain a) fluoride, chloride, bromide, hydrogen sulfate, and dihydrogene 
phosphate, b) phenyl arsenate, phenyl phosphate, and phenyl sulfonate respectively 
(Table 1.7).
Table 1.7 Retention times of anions by gels B and M eluted as 10'^ mol dm'^ acetonitrile 
solutions at 298.15 K
Anion
Elution time (min)
Silica gel B Silica gel M
c r 17.9 15.2
22 20.1
F~ 16.2 16.2
C^H.AsO; 16.9 16.4
n.d 4.9
C,HfiO O~ n.d 6.9
n.d 7.0
n.d 15.1
Molecular imprinted polymers are a new class of materials with pre-determined 
selectivity for the pre-concentration of analytes^^. These sorbents have recently emerged 
as alternatives to conventional solid-phase extraction sorbents such as silica gel. The 
synthesis of these materials requires appropriate monomers that are joined together with a 
cross-linker or directly condensed by using formaldehyde. In the last three years Danil de 
Namor and co-workers^®“®^ prepared resins 45, 46 and 47 by condensation of calixpyrrole 
derivatives with formaldehyde in basic medium (Scheme 1.17).
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Scheme 1.17 Resins used by Danil de Namor and coworkers^^’^  ^ for the extraction of 
anions and mercury.
Resin 45 was found to be effective in extracting dihydrogen phosphate and dihydrogen 
arsenate with capacities of 5 xlO'^ and 5 xlO"^ mmol.g'^ respectively. Resin 46 extracts 
fluoride and mercury with capacities of 5.66 and 0.6 mmol.g'* while resin 47 extracts 
dihydrogen phosphate with a capacity of 7 xlO"^mmol.g"\
Having discussed the progress made in calixpyrrole chemistry the following section 
concerns bibliographic material related to mesoporous silica.
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1,3 M esoporous silica
1.3.1 Introduction
As carbon is the element of life, silicon is the element of earth. Oxygen and silicon alone 
constitute about 74 % of the mass of the Earth crust. Approximate percentages (%) are O, 
46 ; Si, 28 ; Al, 8; Fe, 5; Ca, 4; Na, 3; K, 3; and Mg, 2, for a total of 99 %. All other 
elements make up the remaining 1 %.
Silicon, chemical symbol (Si), is a group 14 element in the Periodic Table^^, together with 
carbon, germanium, tin, and lead. Its atomic number is 14 and its atomic weight is 28.086. 
The outer electronic configuration is s ^ . Carbon and silicon are the only non-metal in 
their group (14). The main difference between them is that carbon can share its valence 
shell electrons with other atoms like C, N, O and P. These bonds can be either single or 
multiple. On the other hand silicon can share an electron with another silicon atom, but 
does not form multiple bonds. Both, carbon and silicon are in a hybridised state sp^. 
Tetrahedral orbitals are the most stable, with the angle between bonds equal to 109 28'. 
Silicon prefers to surround itself with four oxygen atoms as in the orthosilicate ion 
(SiO^)' '^. This ion exists in aqueous medium, forming the weakly ionized orthosilicic acid, 
H4SÎ0 4 . (Ionization constant Ki = 10'^ ® in water at 298.15 K).
The analogue of carbon dioxide (CO2) is silicon dioxide (SiOz). The first one is a gas, 
while the second is a hard crystalline mineral which melts at temperatures up to 1700 °C. 
This molecule called under different names has been used in all stages of civilisations 
from the Stone Age to the recent silica laboratory.
1.3.2 Classification of solid silica species
Silica is found in Nature in several forms, including the most known ones such as: quartz 
and sand. It has been found to be in more than 35 crystalline forms® .^ This diversity of 
silica requires an establishment of some criteria of classification. Thus Unger '^^ has 
classified solid silica species on the basis of four features: crystal structure, dispersity, 
surface composition and porosity.
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1.3.3 Criterion of crystalllnity
Applying this criterion, silica can be divided in crystalline and amorphous silica. A lot of 
natural crystalline forms of silica such as quartz, tridymite, cristobalite, stishovite and 
coesite are Icnown. Amorphous silica is found as diatomaceous earth in Nature
1.3.4 Criterion of dispersity
According to this criterion, silica is available in different forms such as soluble silica, 
silica sols, hydrogels, xerogels and aerogels and precipitated silicas. The various 
dispersed silicas are briefly discussed below.
Soluble silicas. These are obtained when amorphous or crystalline silica remains in 
contact with water. The solution contains mainly the mono silicic acid in low 
concentrations.
Silicas sols. These are colloidal suspensions that can be dried to form a solid. They are 
usually made by adjusting the pH of soluble silicates to 8-9.
Silica hvdrosels. These are silica network polymer chains that are water soluble. In this 
process, the dispersed silica particles tend to aggregate between them by the four typical 
aggregation processes: gelling, coagulation, flocculation and coacervation^^.
Silica xerosels. These are solids formed by heat treatment of gels. The dehydration 
process is generally accompanied by a shrinkage, which is caused by cementage of silica 
particles between them.
Silica aerosels. These are low densities solid-state materials derived from gels in which 
the liquid component of the gel is replaced by a gas. These silicas are commercially 
available under the names of aerosol or cabosil.
Polymeric silica solutions. This category includes all forms of macromolecular solutions. 
For instance the partial hydrolysis of alkoxysilanes gives the polyalkoxysilanes which are 
built up by siloxane chains. These polymers are viscous liquids and they are soluble in 
organic solvents. The stoichiometric composition is different from SiOi, x H2O because 
they contain carbon in the form of alkoxy groups.
62
Chapter L Introduction
1.3.5 Criterion of surface
In the last years, a large number of silica derivatives have been prepared due to the fast 
development of chromatography. The fixation of a reagent that fulfils pre-determined 
applications can be achieved by the use of surface reactions with the appropriate modifier. 
The classification depends on the type of bond by which the functional groups are 
attached to the surface of silicon atoms.
Alkoxysilanes have been widely used in this kind of modification. Silica surface interacts 
with the silane reagent to form a covalent bond. By introduction of organic functional 
groups to the silica there is a partial substitution of surface silanol to new 
organofunctional groups that possess organophilic properties. Grafting the ligand to silica 
modifies the surface to an extent that these differ completely from the original one.
1.3.6 Criterion of porosity
Under this category all silicas with a pore system are included. The presence of pores 
induces porosity and high surface area. The pores can be characterised by the width, the 
shape and their distribution in the solid.
1.3.7 Formation of ordered mesoporous silica
Ordered mesoporous materials are a class of materials which share both, the amorphous 
characteristics of gels and the ordered porosity found in crystalline materials such as 
zeolites. They contain uniform pores arranged in an ordered or partially ordered array, 
with pore sizes tuneable from 20 to 200 A, with pore walls composed of amorphous or 
nanocrystalline materials. These materials are synthesized using aggregates of surfactant 
molecules around which the inorganic species will form. In the simplest form, their 
synthesis requires a surfactant template, which can form lyotropic liquid crystalline 
phases in the solvent used and inorganic species that will interact with the surfactant 
micelles, and polymerize to form a continuous solid network which encapsulates the 
micelles. Porosity is induced in these materials by the removal of surfactant through 
solvent extraction, calcination or ozonolysis. The schematic drawing in Figs. 1.5 and 1.6 
explain the HMS Sol-Gel synthesis where the metal alkoxide TEGS, is added to a mixture " 
of non-ionic surfactant (DDA) and water, to produce a colloidal solution (sol).
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The metal alkoxides include (but are not limited) tetraesters of silicic acid, e.g., 
tetramethyl orthosilicate (loiown also as silicon methoxide or methyl silicate), tetraethyl 
orthosilicate (TEOS) (also Icnown as silicon ethoxyde or ethyl silicate), tetrapropyl 
orhosilicate (known as silicon propoxide), tetrabutyl orthosilicate (known also as silicon 
butoxide) and mixtures thereof. Small alkoxides react faster and are hydrolysed by water 
to form free hydroxysilane bonds (SiOH) and finally silicic acid Si(0H)4, which form 
siloxy-oligomers and short siloxy-polymer chains.
0 C 2H 5
j)H
H O "® ‘\  "O 
OH
H jO C 2H 5O H  
U C 2H 5
j)H
OH OH "----OH
w colloidal sol
loss of H % 0
H.© loss of C 2H 5 OH
OH
silicic acid
Fig 1.5 Process of formation of short siloxy-polymer chains from TEOS
Surfactants are wetting agents that lower the surface tension of a liquid. It is a blend of 
surface acting agents. The surfactants can be classified in four main categories:
1) Anionic: They are characterised by the presence of formally negative charged 
groups in their head. They include carboxylic, N-acylamino carboxylic, ether 
carboxylic and sulfonic acid salts. The alkyl group is an alkyl residue of a 
saturated or unsaturated fatty acid having 6 to 22 carbon atoms. Examples include 
lauric, myristic, palmitic, stearic, oleic acids etc.^ ®
2) Cationic: These are characterised by the presence of positive charged groups in 
their head. They are based on quaternary ammonium cations, eg., cetyl 
trimethylammonium bromide (CTAB), hexadecyl trimethyl ammonium bromide 
(HDAB), and other alkyl trimethylammonium salts, cetylpyridinium chloride 
(CPC), polyethoxylated tallow amine (POEA), benzalkonium chloride (BAC) and 
benzethonium chloride (BZT)
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3) Zwitterionic: These are surfactants containing a head with two oppositely charged 
groups such as cocamidopropyl betaine
4) Neutral: They include alky lamines, alkyl poly(ethylene oxide), alkylphenol 
poly(ethylene oxide), copolymers of poly(ethylene oxide) and poly(propylene 
oxide), alkyl polyglucosides, including, fatty alcohols,.
The surfactant in general plays a gathering role between the silicic acid (Si(0H)4) 
molecules in this synthesis.
PH H0,_ ,0H 
■0 'HO-Si-0 "4 NH,
HO \  ^  ^ S i
HO. /  '^ c i 'O H‘.Si^  H,N Si'
"h°oJ   ^ \  \  ' TSi'— o'" /  \ \ ‘nh Si-OH
HO OH HO OH
Fig 1.6 Role of surfactant in gathering silicic acid molecules
The solvents used in mesoporous silicas synthesis are in general alcohols with lower 
molecular weight and include, methanol, ethanol, propanol {n- and iso-), butanol («-, sec- 
and tert-) and their mixtures. Generally with small alcohols, the final particles diameter is 
small^^.
1.3.8 Methods of silica modification
There is a variety of methodologies in which silica can be modified with organic 
functionalities. In this study the chemical attachment of organic moieties to the silica 
surface is considered. There are three major procedures in which functional groups are 
attached to the silica surface. These are:
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i) Post-synthetic grafting. This involves a reaction between aliphatic or benzylic alcohols 
and the silanol functions of the pore’s walls in the case of the mesoporous silicas^ '^^^ and 
with silanol groups in normal silica gel. This kind of modification has been developed 
mainly for chromatographic separations. One of the first methods used for the 
modification of the silica surface is the one used by Halasz et al.^^ in 1969. They treated 
silica with 3-hydroxypropionitrile. Prior to this work in 1968 Huang et described the 
synthesis of silica esterified with benzyl or lauryl alcohols (Scheme 1.18).
O — Si— OH O— Si— OH
° \  ^  -H.O
O — SI— OH +  R-CCHgVOH ------------------- 0 ~ S i - 0 — (CHjVR
O— Si— OH O— Si— OH
O o"'
Scheme. 1.18 Surface silica modification using long chain aliphatic alcohols
This modification results in the formation of Si-O-C bond. Despite of showing a good 
separation behaviour in chromatography, the bond is unstable and can cleave easily at 
high temperature. As an alternative to this, a methodology of treatment of the silica 
surface with organoalkoxy silane has gained a considerable degree of interest due to the 
formation of a rigid bond Si-O-Si. This is achieved in two different ways (Scheme 1.19)
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Scheme 1.19 Modification of silica surface using (a) alkoxysilane and (b) 
alkoxychlorosilane
The first one involves the use of trialkoxysilanes which react with silanol to liberate the 
corresponding alcohols.
ii) Co-condensation template-direct synthesis where the organic molecule is included 
during the condensation and the polymerization process^^. In this method, the 
alkoxysilane is co-polymerized with the organoalkoxysilane by using an ionic^^ or
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neutral^" '^^  ^surfactant directing agent. The organic groups are generally more robust than 
their homologues obtained by post synthetic modification. Scheme 1.20 shows the general 
procedure on how to prepare these materials.
RSi(0R')3 +  Si (OR) 4
(i) Template
(ii) Template removal
Scheme 1.20 Preparation of organo-functionalised silicas via co-condensation template- 
direct process
iii) The use of an organo-bridged bis-alkoxysilyl ((R’0)3Si-R-Si(OR’)3) as silica 
precursor. The two extremities of the organo-bridged bis-alkoxysilyl are involved in the 
condensation around a surfactant to give the corresponding hybrid mesoporous silica^^. 
For example Inagaki et o lf^  synthesised a hybride mesoporous silica by using an 
organosilane compound, l,2-ZnXtrh'nethoxysiIyl)ethane (BTME) in which an ethylene (- 
CH2CH2-) fragment is attached to two trimethoxysilyl groups [Si(OCH3)3] at both ends. 
BTME was added to a mixture of the surfactant, octadecyltrimethylammonium chloride 
[ODTMA, C1 gH37N(CH3)3Cl], sodium hydroxide (NaOH), and water (H2O) to form the 
mesoporous hybride as a white precipitate. The methylene-, ethylene-, and phenylene- 
bridged periodic mesoporous organo-silicas (PMOs) were synthesized by Burleigh et al^^ 
with non-ionic alkylethylene oxide as a structure directing agent and ô/Xtriethoxysilyl) 
methylene, 6i5(triethoxysilyl)ethylene, and l,4-6i5(triethoxysilyl) benzene (Fig. 1.7) as 
the saline source.
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Si(OEt)3\^Si(OEt)3
Si(OEt), < f  ' ^ S i ( O E t ) .
Fig 1.7 Structures of the periodic mesoporous organosilica precursors: (1) 
Z>w(triethoxysiIyl)-methylene; (2) 6/Xh’iethoxysilyi)-ethylene; (3) l,4-Z>/Xb'iethoxysilyI)- 
benzene
Regardless of the methodologies available for the modification of the silica surface, the 
number of organic functional groups incorporated into the silica framework remains often 
limited. This can be overcome by further modification of these groups. Commonly the 
silica is modified firstly by alkylamine or an alkyl halide, followed by reactions involving 
a variety of organic moieties provided with withdrawing groups (Scheme 1.21)
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Scheme 1.21 Different routes of post-modification of an aminopropylsilica
Other reported methods in this category involve post-modification of mercaptopropyl' 
cyanoalkyl, chlorosilane’®°, disulfide and disulfonic esters’®’ silicas (Scheme 1.22),
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Scheme 1.22 Post-modification of chlorosilane, mercaptosilane, cyanosilane, disulfide 
silane and disulfonic ester silane silicas
1.3.9 Characterisation of modified silicas
A wide range of characterisation techniques of modified silicas are available. They can be 
generally divided into two main categories; (i) techniques for physical characterization 
which are geared for structure surface and (ii) techniques for chemical characterisation 
targeted to investigate the nature of the active species on the silica surface.
i )  P h y s i c a l  c h a r a c t e r i z a t io n
X ray diffraction is one of the techniques that gives a lot of information about the 
structure of the silica whether is a ciystalline or an amorphous phase’®^. The X ray pattern
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gives sharp peaks corresponding to different reticular plans at particular 20 from which 
the type of the lattice (hexagonal, cubic,...) and the space group can be identified easily. 
The technique gives also the d-spacing values and the unit cell parameters. Fig. 1.8 shows 
an XRD pattern of mesoporous silica synthesized by Bruinsma et alJ^^
5 6
Z-THETA
Fig 1.8 XRD patterns for pre-calcined (A) and post-calcined (B) mesoporous silica film
A second important method for the characterization of modified silicas is Dynamic Light 
Scattering (DLS)’®'’ which allows the determination of the size of the particles. For more 
detailed analysis scanning electron microscopy (SEM)^^’*®^’’®^ transmission electron 
microscopy (TEM)’®^’’®*, high resolution transmission microscopy (HRTEM), selected 
area electron diffraction (SAED)’®^ , energy dispersive X-ray spectroscopy (EDS, EDX, 
EDAX or EDXRF)’®^ and electron energy loss spectroscopy (EELS)’®*’’®^ have been 
increasingly used for the characterization of these materials on the nanoscale.
Scanning electron microscopy (SEM) images of acid-prepared mesoporous silica by 
Gallis et a/. ’®® (Fig. 1.9) shows that ATMS consists of highly regular 4±10 mm spheres 
with smooth surfaces; some spheres aggregation can be also noticed.
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Fig 1.9 SEM image of an acid-prepared mesoporous spheres (APMS)
The TEM images from a parent SBA-15 silica synthesised by Luan et alJ^^ show a 
hexagonal array of uniform channels of about 60 Â in diameter (F ig .l. 10. a and b),
!
6 0 0  A 1 0 0 0  A 
I---------- 1
Fig 1.10 TEM images of (a) SBA-15 silica in the direction of the pore axis and (b) in the 
direction perpendicular to the pore axis
Fig 1.11 shows an HRTEM image of an HMS hollow spheres along [110] direction with 
cubic pore network synthesised by Zhu et a i This could be proved from the selected 
area electron diffraction technique (SAED) [inset of Fig. 1.11]. It can be clearly seen that 
the shells (orbitals) of hollow atoms consist of uniformly and cubically ordered
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mesopores. The diameters of the hollow cores and the thickness of the shells are in the 
range of 100-200 and 50-200 nm.
W t'
25nm
Fig 1.11 High-resolution TEM micrograph of a mesoporous silica, inset selected area 
electron diffraction (SAED)
The ED AX data in Fig. 1.12 for a nanocomposite HMS intercalated by hafnium chloride 
which was prepared by Louriero et show a wide peak of the parent HMS hexagonal 
mesoporous silica (100). In addition, peaks assigned to HfOz are present inside the 
mesoporous structure.
0 2 4 6 8 10 12 14 16 18 20km/V
Fig 1.12 Energy dispersive spectroscopy (EDAX) for the nanocomposite samples 
calcined at 500 °C / 4 h.
It is known that EELS can be applied to retrieve the dielectric function of a material and 
reveal the change in intrinsic electronic structure of the silica as a result of creating high
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porosity. This technique has been applied to examine the energy shift in three different 
silicas by Yin et Fig 1.13 shows EELS spectra acquired from solid silica spheres, 
mesoporous silica, and the double length-scaie ordered (DLSO). The energy of the porous 
silica shows a significant shift in comparison to that of the bulk, suggesting that the local 
density of the bound electrons in the porous structures is likely to be lower than that in the 
bulk.
A: Solid silica sphere 
B: Porous silica 
C: Mesoporous silica
1 2 -o
1 0 -
o>
CL.
300 20 
Energy L oss (eV)
Fig 1.13 EELS spectra acquired from (A) solid silica sphere, (B) mesoporous silica, and 
(C) DLSO porous silica with porosity at double length scale
The adsorption of gases is one of the most interesting techniques as far as the physical 
characterisation of silica is concerned. The most commonly adsorbent used for the 
structure characterization is nitrogen although other adsorbents such as water, benzene, 
argon, carbon dioxide can be used. From the adsorption and desorption of nitrogen, 
surface area, pore diameters, pore volumes as well as pores shape can be determined. This 
technique is discussed in the Experimental Part.
1) Chemical characterization
The range of techniques available for investigating the chemical character of silica is very 
vast and dependent on the nature of the modified silica studied. A brief discussion of the 
most commonly used techniques will be given in this section.
The discussion on the chemical character of silica must consider that this is concerned 
with the presence of active species on the silica surface and their nature. Within this
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context there are three main points to stress: (i) the loading of silica, (ii) the stability and 
(iii) the structure of the active species present on the silica surface.
Some techniques are summarised below.
ii) Thermal gravimetric analysis
It is a destructive method which can be used to assess the stability and the loading of 
modified silica. It gives information about the binding or non-binding of the active 
species to the silica surface *'
iii) Elemental analysis or (CHN) analysis
It is the analysis of carbon, nitrogen and hydrogen content of a silica m a t e r i a l T h i s  
technique is destructive and can help in characterising the load of modified silicas
iv) Infrared
This technique is not destructive given that the material can be regenerated after analysis. 
It is mainly used for organo-modified silicas. Unmodified silicas exhibit bands for 0-H  
(3800-3200), Si-O-Si (1060) and Si-OH (900 cm'^), while in the organically modified 
ones, the bands of different arm groups can be seen in particular the stretching of the CH2 
and CH3 groups at (2950-2800 cm'^)^’"^’^ *^ .
v) Magic-Aiigle-Spinning (MAS) NMR
This is a non destructive method. MAS NMR can be used to characterise the organic as 
well as the inorganic part of the modified s i l i c a s ' H o w e v e r  resolution is often lower 
than that of solution NMR.
vi) Techniques used for silica surface characterisation
One of the most important methods to characterise modified silicas surface is the point 
zero charge (pzc) which corresponds to the pH value of the liquid surrounding the surface 
particles. The pzc value characterizes the surface acidity. When silica particles are 
introduced in an aqueous environment their surface charges are positive if the pH 
(solution) < pzc and negative if the solution pH > pzc'^°. Some other methods may be 
used such as acid base titration'^' to identify whether the surface is acidic or basic.
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1.3.10 Applications o f modified silicas
Modified silica materials have been widely used in the separation of organic products in 
gas chromatography as well as in high performance chromatography. The development of 
mesoporous silicas for catalysis purposes has gained more interest in the last few years. In 
addition modified mesoporous silicas have been used as sensors, drug delivery and 
selective materials in the separation of pollutants from polluted waters.
In chromatography
The beneficial effects of functionalised or unfunctionalized mesoporous silicas in the field 
of gas chromatography, size exclusion chromatography and normal-phase HPLC have 
been demonstrated by several research groups'^^"'^^. Attempts to analyse liquid 
hydrocarbon mixtures by Gas Solid Chromatography (GSC) on zeolites or expanded 
solids in general have failed. This is attributed to the strong sorption of individual 
components and/or their catalytic transformation due to the intrinsic high acidity (at 
relatively high temperatures required for elution) and constitutes limitations for the use of 
these materials in the domain of gas chromatography. Raimondo et alJ^^ have 
demonstrated that capillary columns can be packed with Mobile Crystalline Material 
(MCM-41) for the separation of a mixture of toluene, benzene, ethylbenzene, n- 
propylbenzene and «-butylbenzene. The separation of a light hydrocarbon mixture ( 1 : 1 :  
1 : 1 : 1 ) :  was achieved at much lower temperatures, with much shorter retention times 
and on shorter columns (1 m) rather than the 25-30 m of conventional capillary columns 
(inset). Thoelen et al. reported the use of unfunctionalized MCM-41 and MCM-48 in 
enantioselective HPLC. The separation occurs because of the combination of high 
retention and separation factors with relatively short analysis times and low inlet 
pressures. Ordered mesoporous silica, MCM-41 was synthesized and functionalized with 
titanium phosphonate, which confer to the modified particles both, size-exclusion ability 
and high adsorption specificity towards phosphopeptides'^^. Immobilized metal ions 
(such as Fe% Ga^^, Ti% and Zr''^) affinity chromatography is a commonly used method 
for the enrichment of phosphorylated peptides from a tryptic digest of a protein sample 
for phosphoproteome analysis'^^.
In catalysis
Since the discovery of mesoporous silicas in 1992, much research work has been reported 
about their catalytic uses'^®’'^'. The mesoporosity is responsible for the conversion of
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quite a number of molecules. Because of their size and pore arrangements, these can 
provide a potential support for the development of new chiral catalysts. In addition most 
of the inorganically and organically modified silicas reported have been synthesised 
mainly for catalytic uses. Non-calcined, inorganically modified and organically modified 
silicas are used as catalysts.
Non-calcined mesoporous silicas. Before calcination, mesoporous silicas may be 
regarded in general as organic-inorganic composite materials. However, except for a few 
studies, little attention has been paid to the properties and applications of non-calcined 
periodic mesoporous silicas. As a general rule, such materials are either solvent-extracted 
or calcined before being investigated further. Kubota et al. however, found that non- 
calcined MCM-41 silica exhibits a high catalytic activity for the Knoevenagel 
condensation.
Inorganically modified mesoporous silicas. The immobilization of inorganic species in 
mesoporus silica for catalysis uses is well known. This immobilization is achieved via a 
reaction with the surface silanol groups. The modification of silica surface with Lewis 
acids such as AICI3, BF3 and SnCE has been widely reported in the literature'^^ '^  ^and its 
higher efficiency compared to traditional acid catalysts (AICI3, H2SO4, HF and BF3 which 
give rise to considerable environmental concerns) has been demonstrated. Although solid 
acids such as zeolites and acid-treated clays have widely been used in the catalyst 
industry, their use in liquid phase organic reactions is limited due to the small pore 
structure of zeolitic materials and harshed conditions needed in reactions for the acid 
treated clays'^''. Clark et al.^^^ have shown that AICI3 can be immobilized on a narrow 
pore size-distribution hexagonal mesoporous silica for the catalysis in the alkylation of 
benzene using a range of alkenes (Cg-Cig). Compared to both, homogeneous aluminium 
chloride and aluminium chloride supported on acid treated clay (K-10), AICI3 supported 
on hexagonal mesoporous silica shows a large activity (Fig. 1.14). The catalysis active 
sites are believed to be formed via the reaction of Lewis acid with the surface hydroxyl 
groups (Scheme 1.23). The selectivity of this catalyst was enhanced by using 
triphenylamine to poison the catalytic sites. The selectivity of this catalyst is due to the 
fact that alkylation is taking place within the pores of the mesoporous material.
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Scheme 1.23 Preparation of an AICI3 immobilised catalyst
IOO1
ts% 90 o
 -/Y' ...
— AICI3 
-AICI3 -K 10  
"O ' AlCIs—HMS24 
—A— AICI3-HMS2 4 -TPS 
---ffl--- AlClg—HMS2 4 -PI13N
12 14 16
Alkene chain length
Fig 1.14 Comparison o f catalyst selectivities towards the monoalkylation of benzene 
using various alkenes
Like the supported AICI3 catalyst, Clark et extended the same methodology to 
support BF3 on mesoporous silicas for the alkylation of phenol with oct-l-ene.
On the other hand, tin (Sn) containing porous materials have been synthesized and 
reported to show good catalytic properties in heterogeneous catalytic reactions. Endud et 
alJ^^ have reported recently the synthesis of Sn containing mesoporous MCM-48 and its 
application in the oxidation of alcohols to their corresponding carbonyl compounds. The 
Sn containing mesoporous material was prepared via a post-synthesis modification of the 
MCM-48 mesoporous material. The catalytic performance of Sn containing MCM-48 has 
been demonstrated comparing with the unsupported SnOz. However the main problems 
for most of the porous catalysts in a liquid phase reaction are the deactivation of the 
catalyst by water, leaching-out o f the active site from the materials to solvent.
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Organically modified mesoporous silicas. In most cases the functional groups in the 
inorganically modified silicas are physisorbed on the surface of mesoporous silicas, hence 
leaching is a significant problem. Therefore the use of organically modified mesoporous 
silicas comes as an alternative to solve this problem. The preparation of solid bases for 
catalysis of several organic reactions has seen much development in the last few years. 
Aminopropyl groups immobilized on mesoporous silicas discussed previously, produced 
by a post grafting synthesis of aminopropyltriethoxysilane with the surface’s silanol or 
incorporation through the sol-gel methodology. Macquarrie et alP^  have shown that 
aminoproppyl modified mesoporous silicas are very active in Knoevenogel reactions 
between ethyl cyanoacetate and aldehydes and ketones to give the corresponding alkene 
(Scheme 1.24)
R1
R2
COOEt -HgO
CN
R1^ COOEt
R2 CN
Scheme 1.24 Knoevenagel reactions catalysed by aminopropyl functionalised catalysts
Recently silica nanoparticles containing base (primary amines) and sulphonic acid inside 
MCM-41 type porous channels were successfully used as composite catalysts to 
transform 4-nitrobenzaldehyde dimethyl acetal to E-l-nitro-4(-2-nitrovinyl) benzene by 
Huang and co-workers'^^.
O ther applications of modified mesoporous silicas
Another area of research in which mesoporous silicas are used is that related to the 
analysis of pollutants in waters. Several methods have been used for the pre­
concentrations of pollutants from aqueous solutions such as solvent extraction using 
chelating agents'^^*'""' and the use of polymeric resins''". Both methods have been widely 
criticized because the use of chelating agents is time consuming, whereas organic resins 
possess low mechanical stabilities. In addition the removal of the desired pollutants can 
not be guaranteed. Within this context a wide range of mesoporous materials were 
synthesized for the analysis of pollutants in drinking and wastewaters'''^"''^. As for their 
applications in catalysis, modified mesoporous silicas present the advantages of high 
surface areas and mechanical stability'''^. Niti'ogen, oxygen and sulphur containing groups 
have demonstrated to bind selectively to transition metals. Evangelista et aÛ^  ^ have
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attached 2-mercaptothiazoline to mesoporous silica for mercury removal from aqueous 
solution. The material was able to remove spontaneously (AH = - 56 ± 1, AG = - 2.1 ± 0.1 
kJ mol" and AS = -182 J mol" K ") 2.34 mmol of mercury per gram of modified material. 
The high uptake of this toxic metal ion resulted from the interaction between mercury and 
the basic sulphur and nitrogen centres of mercaptothiazoline. It has been shown that an 
effective sorbent of Cd (II) can be prepared by immobilization of mercaptopyrimidine on 
the surface of SBA-15 mesoporous silica'''^. The material can remove 0.99 ± 0.03 mmol 
of Cd (II) per gram of material. This ability can be explored for applications in clean 
technologies, for instance environmental remediation of contaminated water systems with 
Cd (II) in the presence of Pb (II) ions.
Lam et al^^ used an NH2-MCM-4 I and COONa-MCM-41 for the separation of Ci2 0 7 '^ 
and Cu^^. Single and binary component sorptions show that NH^ -M C M  -4 1  has a 100
% selectivity at low pH (<3.5 i.e., point of zero charge, p.z.c.) and in the presence
o fC o^ \ Cu^\ n P ,  Zn^+, A g \ Pb^+, Hg^+ and Cd^", while COO'Na^-MCM-41 recognises 
only Cu^^ over the entire pH range of the study (i.e., pH 1.5-5.5) in the presence of 
Cr^O^' ions.
Mesoporous silica was used by Mellot and Taylor'''^ as an embodiment to improve the 
anti-reflection coating (AR) of solar cells or photovoltaic modules.
Having discussed the progress made in the chemistry of mesoporous silica chemistry the 
following section concerns bibliographic material related to some pollutant models used 
in this study namely polyphenols and pesticides.
1.4 Polyphenols
Polyphenols are a broad class of antioxidants including flavonoids and catechins which 
are found in red wine, chocolate, tea, olives and many other foods'''^. These are defined 
as aryl compounds containing more than two hydroxyls attached to a benzene ring. In the 
last few years there have been many debates regarding the health benefits caused by 
polyphenols specially those extracted from green tea'''^. Amongst these are their 
antioxidant properties which may reduce the risk of cardiovascular diseases and cancer.
More recently it has been reported that these substances are able to reduce the onset of the 
Alzheimer’s and Parkinson’s diseases'^''. The oxidative damage caused by radicals and
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the increased accumulation of iron in specific brain areas are among the major 
pathological aspects of Alzheimer’s and Parkinson’s diseases'^'. Various studies have 
suggested that polyphenols may disrupt these processes and provide some protection 
against Alzheimer’s and Parkinson’s diseases by neutralizing the free radicals and the 
chelating iron'^^'^^.
In addition, these substances are water soluble so are mostly found in industrial waste 
waters (tanneries'^'', olive processing'''^, food i n d u s t r y ' T h e  levels are so high that they 
represent one of the most serious problems in waste disposal. The most concerning aspect 
of wastewaters (loaded with plyphenols) is the increase in organic load (chemical oxygen 
demand COD = 80-200 g/1, biological oxygen demand BOD = 50-100 g/1)'^ .^ 
Furthermore polyphenols have anti-fungal and anti-bacterial activities so normal wetland 
or treatment pond ecology can be seriously disturbed.
1.4.1 Tannic acid
Tannic acid is a pale yellow amorphous powder, shiny scales, or spongy material that 
gradually darkens when exposed to air. It is odourless but has a strong, bitter taste. It is a 
derivative of the simple sugar glucose (CeHiiOô) in which five hydroxyl groups (-0H) 
have been replaced by large complex side chains known as digalloyl groups (Scheme 
1.25). Tannic acid occurs naturally in the bark of hemlock, chestnut, mangrove, and oak 
trees; in sumac plants; and in plant galls. The name “tannic acid” comes from the fact that 
the compound is used in the process known as tanning. It transforms the proteins in raw 
animal hides into forms that resist the natural process of decomposition, converting the 
hides into leather. Tannic acid belongs to a large class of chemical compounds known as 
tannins that have the common chemical property of being able to precipitate proteins. 
Precipitation is the process by which the soluble form of a substance is converted to an 
insoluble form, which then settles out of solution. In addition to its applications in 
tanning, tannic acid is also used for staining wood, dying cloth, and treating minor cuts 
and wounds.
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Scheme 1.25 (a) Pentagalloylglucose, the main building unit of tannic acid, and (b) gallic 
acid
1.4.1.1 Origin of Tannic acid
Tannic acid is extracted from natural sources by using the principle that the compound is 
soluble in water and alcohol, while many components with which it occurs are not. The 
most common sources of tannic acid have traditionally been the Chinese nutgall, which 
consists of about 70 % of tannic acid, and Turkish nutgall, which contains about 50 to 60 
% of tannic acid. The nutgall is grounded into a powder and then mixed with a 
combination of water and/or alcohol and ether. The tannic acid in the powder dissolves in 
the water/alcohol portion of the mixture while other components of the gall dissolve in 
the ether portion. The water and alcohol are then allowed to evaporate, leaving behind a 
relatively pure tannic acid. In recent years, tannic acid has been obtained more 
economically from the bark of the quebracho tree, which grows in South America.
1.4.1.2 Interesting facts regarding tannic acid
* A kind of ink called iron gall ink is made from tannic acid, iron (II) sulphate, gum 
Arabic, and water. The recipe for this ink has been Icnown since the middle Ages. It is 
used for important documents because it does not wear away easily.
* Tannic acid is mentioned in some very old medical books as a treatment for 
mushroom poisoning.
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* Studies suggest that people allergic to cats may be able to control their allergies by 
spraying surfaces in the home with a solution of tannic acid. The compound chemically 
alters the proteins in feline saliva that trigger allergic reactions.
* Tannic acid is not a true acid because it does not contain the carboxylic group 
(-COOH) present in all organic acids. Instead, it is a polyphenol, a compound with many 
("poly") phenol (CgHgOH) groups.
1.4.2 Gallic acid
Gallic acid is a carboxylic acid, also known as 3,4,5-trihydroxybenzoic acid, found in 
gallnuts, sumac, witch hazel, tea leaves, oak bark, and other plants. The chemical formula 
is C6H2(0H)3C00H (see Scheme 1.23). Gallic acid is found both, free and as part of 
tannins. Salts and esters of gallic acid are termed gallates.
As far as the removal of polyphenols and brown colours in fruits juice are concerned, the 
enzymatic tieatment remains the most known p r o c e s s H o w e v e r  this treatment is 
applicable only in laboratory scale, still expensive and requires specific physico-chemical 
parameters.
The selective removal of polyphenols by the ultrafiltration process using polyether 
sulfone membranes is attractive since it does not require large amounts of chemical 
reagents. This process presents some problems since the use of sulfites in the food 
processing industry has been restricted by the U.S. Food and Drug Administration 
(FDA)^^^. The removal of polyphenols with activated c a r b o n h a s  some advantages due 
to the high adsorption capacity of carbon relative to other materials. However, its use has 
been restricted and research has been focussed on developing new materials with highly 
efficient removal capacity.
1.5 Pesticides
Pesticides are a broad term covering a wide range of products that are used to control 
pests. They include; insect killers (insecticides), mould and fungi killers (fungicides), 
weed killers (herbicides), slug pellets (molluscides), plant growth regulators and rat 
mouse killers (rodenticides). Often people only think of pesticides as simple chemicals 
but they include a huge range of different types of products. Some are natural (eg, 
pyrethrums, obtained from chrysanthemums), while many are altered versions of natural
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chemicals. The pesticide exposure has recognised impacts on human health and the 
environment^^®. Highly persistent pesticides were used with impurities for almost 40 
years before alarming results became apparent which led first to national bans and, since 
the year 2000, to global bans.
1.5.1 2,4-Dichlorophenoxyacetic acid (2,4-D).
2,4-D is a phenoxy herbicide discovered sixty years ago and is used worldwide for a wide 
variety of applications in agricultural, non-crop, residential, and aquatic settings. It is a 
WHO (World Health Organisation) class II pesticide which its use has not been 
recommended in Developing C o u n t r i e s . This places it in the same class as Endosulfan, 
Lindane, Paraquat and Tetraconazole. It has an LD50 (Lethal dose, 50 %) of 400-2000 
mg/kg in rats with strong evidence suggesting that a similar level of toxicity occurs in 
humans^^^’*^ .^ The PAO (Food and Agriculture Organisation) has put a great deal of 
restrictions in the use of this pesticide and its derivatives (such as its sodium salt and its 
ester derivatives) and recommended that suitability of pesticides for the control of a 
particular pest must be decided at national or provincial l e v e l .
1.5.2 Naphthaleneacetic acid
Naphthalene acetic acid is a growth-regulating chemical for fruits trees. It is used to 
defruit trees too young or too small to begin bearing or where fruit load needs to be 
eliminated (all v a r i e t i e s ) I t  has been classified as highly toxic by the Pesticide 
Action Network (PAN) and the WHO. It has an LD50 of 1000 mg/kg.
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Aims of the work
Calix[4]pyrroIes are old molecules discovered in 1886 by Baeyer’'^ . The interest in these 
molecules was renewed by Sessler and co-workers in 1996^® when they showed their 
anion complexing properties. This makes them a good platform for further modification. 
Despite that a significant amount of work has been published; no detailed 
thermodynamics of complexation of these molecules with different anions have been 
reported until 2003. Therefore detailed thermodynamic studies on these systems are 
required. Danil de Namor and co-workers^®'^^ have published detailed studies of some 
calix[4]pyrrole ligands with different anions in a wide range of solvents. This work aims 
to address the synthesis of a calix[4]pyrrole ditopic receptor where the pyrrolic NH are 
expected to interact with anions while the acetamide arm groups form an extended cavity 
that may be able to host metal cations.
This work aims also to find new materials that are able to remove a wide range of 
pollutants; including polyphenols, pesticides, dyes and ionic species in aqueous media.
To track the main goals of this thesis, the following tasks have been undertaken:
I- Synthesis o f  m eso-tetram ethyl-tetrakiS"[(4-N,N
diethyIacetam ide)phenoxym ethyllcalix[4]pyrrole (C PA)
Calix[4]pyrrole (CPA) will be prepared for three main reasons:
i. To follow the tradition in exploring its interaction with different anions in 
acetonitrile, since calixpyrroles are recognised as anion receptors, and then to 
compare the findings with previous data reported by Danil de Namor and 
coworkers^®'^^
ii. To renew the interest in using calixpyrroles as cation receptors by investigating 
the interaction of CPA with alkali, alkaline earth and heavy metal cations
iii. To investigate the interaction of CPA with different lanthanides (M^^) for the first 
time to the best o f knowledge
These three goals will be explored by:
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i. Establishing the selectivity of CPA towards anions and cations as well as 
identifying the sites of interaction of this ligand in several organic solvent by 
using the NMR technique
ii. Determining the stoichiometry of CPA/Ion complexes in acetonitrile by using 
conductometric titrations at 298.15 K,
iii. Evaluating quantitatively the strength of complexation of CPA with different 
anions and cations from thermodynamic data derived from titration calorimetry
II- Synthesis and characterisation o f different hybridized silicas
In pursuing the second goal of this thesis, the following tasks have to be addressed:
i. Modified silicas HMS, AP-HMS, AP-HMS-AK, AP-HMS-AM, AP-HMS-AC, 
AP-HMS-DA, AP-HMS-BO , AP-HMS-AHl, AP-HMS-AH2, AP-HMS-CDl, 
AP-HMS-CD2, AP-HMS-CD3, AP-SIL, AP-SIL-CP(Hom) and AP-SIL-CP (Het) 
will be synthesized and directed towards specific pollutants to find alternatives of 
highly extracting materials such as activated carbon.
The main objective of synthesising organic modified mesoporous silicas is to form 
strong covalent bonding between the organic pendant arms and the silica in an attempt 
to assess their effect for the removal of pollutants. A wide range of pollutants namely 
tanic and gallic acids, 2,4-dichlorophenoxyacetic acid, naphthaleneacetic acid, xylenol 
orange, fluoride, copper, lead, cadmium and mercury will be used as representative 
models for pollutants which might be present in surface waters.
ii. An investigation of silica materials which would be carried out through the 
following steps:
a) Characterising the hybridized silica material by using different techniques 
namely XRD, elemental analysis, adsorption/desorption of Nitrogen, 
TG/DTA, IR and Magic-Angle-Spinning NMR (MAS NMR).
b) Optimising the extraction of pollutants by the appropriate hybridised silica 
material by studying the solid/liquid ratio, the equilibration time, the pH 
and finally the capacity of the material to remove a given pollutant. 
Techniques to be used to determine the concentration of these polluatnats 
are: UV spectrometry for gallic and tannic acids, xylenol orange, 2,4-D
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and NAA. Atomic Absorption Spectroscopy for copper (II), lead (II), and 
cadmium (II). Volumetric titration for mercury (II) and finally ion 
selective electrode for sodium and fluoride
iii. Attempts to fit the data in mathematical models, namely, Langmuir or Freundlich 
relationships will be made. The results obtained will be compared with those in 
the literature for the same pollutants if available otherwise analogous molecules 
will be used for comparison purposes.
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Chapter 2
2 Experimental Part
2.1 L ist o f  chem icals used and their procedures o f  purification
2.1.1 Polyphenols, pesticides and dyes
Technical grade gallic and tannic acids (97 %) 2,4-dichlorophenoxy acetic acid, 2,4-D 
(98%), 1-naphtalene acetic acid, NAA, (98 %), were purchased from Aldrich and Xylenol 
Orange (98%) was purchased from Alfa Aesar.
2.1.2 Reagents used in analytical méthodes
• H ydrochloric acid (H C l), 37%, F isher U K  Scientific International.
• Sodium  hydroxide (N aO H ), 99 .74% , F isher U K  Scientific International.
• P o tassium  iodide (K I), 99% , F isher U K  Scientific International.
• Potassium  carbonate (K2CO3), 99%, F isher U K  Scientific International.
• Potassium  ch loride (K C l), 99  % , F isher U K  Scientific International.
• L ith iu m  perch lora te ,LiC104.nH2Û, A ldrich  C hem ical C om pany
• Sodium  perchlorate , N aC lÜ 4.H 20, A ldrich  C hem ical Com pany
• P otassium  perch lorate , K C104.nH 20, A ldrich  C hem ical C om pany
• R ubidium  perchlorate , RbC 104.nH 20, A ldrich  C hem ical C om pany
• C aesium  perchlorate , C sC104.nH 20, A ldrich  C hem ical C om pany
• M agnesium  perchlorate , M g(C104)2.2H20, A ldrich  C hem ical C om pany
• C alcium  perchlorate , Ca(C104)2.4H20, A ldrich  C hem ical C om pany
• S trontium  perchlorate , Sr(C104)2.2H20, A ldrich  C hem ical C om pany
• B arium  perchlorate, Ba(C104)2.nH20, A ldrich  C hem ical C om pany
• N ickel perchlorate , N i(C104)2.6H 20, A ldrich  C hem ical C om pany
• Lead perchlorate , Pb(C104)2.nH20, A ldrich  C hem ical C om pany
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• C opper perchlorate, Cu(CI04)2.6H 20, A ldrich  Chem ical C om pany
• C obalt perchlorate , Co(C104)2.6H20, A ldrich  C hem ical C om pany
• Z inc perchlorate, Zn(C104)2-6H20, A ldrich  C hem ical C om pany
• C adm ium  perchlorate , Cd(C104)2.H20, A ldrich  Chem ical C om pany
• M ercury (II) perchlorate, Hg(C104)2.H20, A ldrich  C hem ical C om pany
• Silver perchlorate, AgC104.H20, A ldrich  C hem ical C om pany
• Tetra-7î-butylam m onium  perchlorate, (C4Hi2)4NC104, 99 %  grade, F luka Chem ical Com pany.
• Phosphorus pentoxide (P4O10), 99 %, Fisher UK Scientific International.
• Sodium  hydroxide, N aO H , F isher C hem ical C om pany.
• C alcium  hydride, CaH2, 99 %, F isher U K  Scientific International.
• Calcium  chloride, C aCL, 98 % , F isher U K  Scientific International.
• M etal standard  solutions (for A tom ic A bsorption analysis). A nalytical grade, A ldrich Chem ical 
C om pany.
• Potassium  chrom ate, K2C1O4, 99 %, A ldrich  Chem ical Com pany.
• Scandium  trifluorom ethanesulfonate (triflate), [Sc(CF3SÜ3)3], 99 %  A ldrich  Chem ical
C om pany.
• Paraseodym ium  trifluorom ethanesulfonate (triflate), [Pr(CF3SÜ3)3], 98 %  A ldrich Chem ical 
Com pany.
• N eodym ium  trifluorom ethanesulfonate (triflate), [Nd(Cp3S03)3], 98 %  A ldrich Chem ical 
C om pany.
• Sam arium  trifluorom ethanesulfonate (triflate), [Sm(Cp3S03)3], 98 %  A ldrich  Chem ical
C om pany.
• Europium  trifluorom ethanesulfonate (triflate), [Bu(CF3S03)3], 98 %  A ldrich  Chem ical
Com pany.
• G adolinium  trifluorom ethanesulfonate (triflate), [Gd(CF3S03)3], 98 %  A ldrich  Chem ical 
Com pany.
• Terbium  trifluorom ethanesulfonate (triflate), [Tb(CF3S03)3], 98 %  A ldrich  C hem ical Com pany.
• H olm ium  trifluorom ethanesulfonate (triflate), [Ho(Cp3S03)3], 98 %  A ldrich  Chem ical
Com pany.
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•  E rbium  trifluorom ethanesulfonate (triflate), [EifCFsSOs))], 98 % A ldrich  Chem ical Com pany.
• Y tterbium  trifluorom ethanesulfonate (triflate), [EifCFaSOs)]], 98 %  A ldrich  Chem ical 
C om pany.
• Lutetium  trifluorom ethanesulfonate (triflate), [Lu(CF3S03)3], 99 %  A ldrich  Chem ical C om pany.
• 7>7j[hydroxym ethyl]am inom ethane, TH A M , (CH30H)3CNHz, 99 %  F luka Chem ical Com pany.
• D euterated chloroform  (CDCI3), A ldrich  C hem ical Com pany.
• Deuterated acetonitrile (CD3CN), Aldrich Chemical Company.
• Deuterated methanol (CD3OD), Aldrich Chemical Company.
• D euterated acetone (C3D6O), A ldrich  Chem ical Com pany.
• D euterated D M F ((CD3)2NCOD), A ldrich  C hem ical Com pany.
• D euterated D M SO  (CiD^SO), A ldrich  C hem ical Com pany.
• Tetram ethylsilane (CH3)4Si, A ldrich  C hem ical C om pany.
• B rom ocresol Green,C2iHi4Br4S05, A ldrich  C hem ical C om pany
• Phenolphthalein, C20H14O4, A ldrich  Chem ical C om pany
• E thylenediam inetetraacetic acid, [CH2N(CH2COOH)2]2, F isher U K  Scientific International.
2.1.3 Reagents used in synthesis:
All these chemicals were used without further purification.
• Dodecylamine, Sigma-Aldrich, (98 %).
• Tetra-ethyl-orthosilicate TEOS, Sigma-Aldrich, (98 %).
• Mesitylene, Sigma-Aldrich, (98 %).
• (3-aminopropyl)trimethoxysilanee, Sigma-Aldrich, (97 %).
• Chloro-acetone, Sigma-Aldrich, (95%).
• Diethylaminoethylchloride hydrochloride, Sigma-Aldrich.
• 2-ChlorO“N,N-diethylacetamide, Sigma-Aldrich, (97%).
• 18-Crown-6, Sigma-Aldrich, (99%).
• Acetonitrile, MeCN, HPLC grade, Fisher Scientific.
• Methanol, CH3OH, HPLC grade, Fisher Scientific.
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•  T etrahydrofuran, C4H8O, H PL C  grade, F isher Scientific.
• E thanol, C2H5OH, 99 % , H A Y M A N  Ltd.
• D ichlorom ethane, CH2CI2, F isher Scientific.
• A cetone, CsHcO, H PLC  grade, F isher Scientific.
• H exane, CeH n, H PLC  grade, F isher Scientific.
• Toluene, C^Hg, H PLC grade, F isher Scientific.
• N , N - dim ethylform am ide, C3H7NO, H PLC  grade, F isher Scientific.
• E thyl acetate, C4H8O2, H PLC  grade, F isher Scientific.
• Potassium  carbonate, K2CO3, A ldrich.
• Sodium  hydride, N aH , dry 95% , A ldrich.
• M agnesium  su lphate anhydrous, M gS04, F isher Scientific.
• 3-am inopropyltrim ethlylsilane, CeH^NOgSi, Fluka.
2.1.4 Purification procedures
Metal-ion salts (as perchlorate), anion salts as ^er^-«-butylammonium and lanthanide salts 
as trifluoromethanesulfonate were dried over P4O 10 under vacuum for several days before 
use. Under extraction Metal-ion salts were used without purification.
Only solvents used in synthesis were dried before any use according to conventional 
methods
• Acetonitrile, MeCN, was refluxed in a nitrogen atmosphere and distilled over calcium 
hydride. The middle fraction of the distilled solvent was collected
• Tetrahydrofuran, THF, was stored over a sodium metal wire for 24 h. Then it was 
distilled under nitrogen over a sodium wire, using benzophenone as an indicator*® .^
• N, N-Dimethylformamide, DMF, was dried using 4Â molecular sieves for 24 h and 
then it was refluxed under reduced pressure. Only the middle fraction of the purified 
solvent was collected’®^.
• Toluene was treated with anhydrous calcium chloride, filtered and then placed over 
metallic sodium in a round-bottomed flask fitted with a reflux condenser protected by a
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drying tube containing calcium chloride. Then it was refluxed for two hours. The middle 
fraction of the distilled solvent was collected and used^ *^ .^
2.2 H exagonal M esoporous Silica Synthesis 
2.2.1 Parent Hexagonal Mesoporous Silica (HMS)
HMS-C12 silica was obtained by first dissolving dodecylamine (7.5 ml) in ethanol (50 
ml). This was followed by the addition of water to obtain a fine emulsion. Then tetraethyl 
orthosilicate, TEOS, (31.2 ml) was added under vigorous stirring. The 1,3 ,5 ,- 
trimethylbenzene, TMB, (5ml) was added and the reaction mixture was stirred vigorously 
for 20 h at room temperature. The precipitated product was filtered, washed with water, 
and allowed to dry at room temperature. The powder was then washed to remove the 
surfactant by Soxhlet extraction over ethanol for 72 h. The importance of this method lies 
in that not only gives a good HMS but it does not require any calcination step to remove 
the surfactant. It also allows recovering a considerable amount of the surfactant to be re­
used in other synthesis. In Scheme 2.1 is represented the general procedure for the 
synthesis of the parent mesoporous silica.
HO-SKo' o"O'S*
ambiante temperature no. ..o
OR 
R= CH,-CH
Mesoporous silica complex
Ov,OH
■SL «  ”hV,P ? ■■
OHim' *OH
Scheme 2.1 Stages of mesopores formation viewed down the long axis of the pores
2.2.2 Functionalization of the Hexagonal Mesoporous Silica (AP-HMS)
The meso-structure HMS free from surfactant (10 g) was dried under vacuum at 120° C 
for 5 h. The activated mesoporous material was suspended in fresh refluxed toluene (200 
ml) containing (3-aminopropyl)trimethoxysilane (15 ml, 83.66 mmol) for 24 h. Stirring 
was maintained by an overhead stirrer to keep the mesoporous material in its original 
granular state. The so called AP-HMS dried material was recovered by filtration and
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washed several times with toluene followed by methanol to remove any unreacted (3- 
aminopropyl)trimethoxysilane. Scheme 2.2 represents a graphical abstract of the synthesis 
of AP-HMS
OH HO
HO,OH OH
MeO
MeO“^ Si
MeO
Toluene, 100 C
Scheme 2.2 Post-synthetic grafting of 3-aminopropyltrimethoxysilane to HMS
2.2.3 Grafting arm groups on AP-HMS
Several organic moieties, aliphatic ketone (AK), tertiary amine (AM), acetamide (AC), 
acetic anhydride (AH), yg-cyclodextrin (CD), phenylboronic acid (BO), were covalently 
bonded to AP-HMS giving respectively AP-HMS-AK, AP-HMS-AM, AP-HMS-AC, AP- 
HMS-AH, AP-HMS-CD, and AP-HMS-BO modified silicas. The immobilization of these 
molecules was carried out by using heterogeneous methods.
2.2.3.1 Synthesis of AP-HMS-AK and AP-HMS-AM
The same procedure was used for the synthesis of these two hybridised silicas (Scheme
2.3). Chloroacetone (5 g, 54.04 mmol), 2-diethylaminoethylchloride hydrochloride (5 g, 
29.05 mmol) were suspended separately in freshly refluxed acetonitrile (MeCN) (100 ml). 
Then 18-crown-6, potassium carbonate (K2CO3), and potassium iodide (KI) were added 
in a 1:20:20 ratio. This was followed by the addition of AP-HMS (7 g). The mixture was 
heated with continuous stirring under a nitrogen atmosphere for 24 hours at 70° C. After 
cooling down, the solid was filtered off and washed twice with acetonitrile, methanol, 
citric acid (0.1 M) and de-ionized water. Finally the resulting product was dried under 
vacuum at 120° C for 24 h.
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R-Cl, 18-Crown-6 , IC2CO3
MeCN, T =  80 C, 24 how s
OXR =   H2C OH3 — CH2 [  C o  ^ N
Scheme 2.3 Post-synthetic grafting of chloroacetone and 2-diethylaminoethylchloride 
hydrochloride to AP-HMS
2.2.3.2 Synthesis of AP-HMS-AC
The synthesis of this material differs from the previous ones in that AP-HMS mesoporous 
silica (3 g) was firstly suspended in fresh refluxed acetonitrile (50 ml), then potassium 
carbonate and 18-crown-6 were added to the reaction in a stoichiometry of 1:20 (Scheme
2.4). Finally N,N,-Diethylchloroacetamide (3 ml, 21.83 mmol) was syringed to the 
mixture. The reaction was refluxed for 48 h. Other steps involved are the same as 
previously described. The material was washed with acetonitrile (2 x 25), methanol (2 x 
25), citric acid (0.1 M) (3 x 25 mL) and finally de-ionized water (3 x 25 mL).
R-Cl, 18-Crown-6, K2 CO3 
-------------------------------------
OH HO
HOOH MeCN, T =  80 °C, 24 how s
-C H 2  —
R =
o
Scheme 2.4 Post-synthetic grafting of N,N,-diethylchloroacetamide to AP-HMS
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2.2.4 Synthesis of AP-HMS-AHl
In a 250 ml three necked bottomed flask, maleic anhydride (1.4 g) was dissolved in 
diethylether (50 ml) and dried AP-HMS (3 g) was added to the reaction mixture. The 
reaction was stirred at room temperature for 2 days. The silica was filtered and washed 
with diethylether (2 x 25 ml), methanol (2 x 25 ml). The synthesis procedure is presented 
in Scheme 2.5.
EtoO
Room temperature, 24 hours
R = ^  TOOH
Scheme 2.5 Post-synthetic grafting of maleic anhydride to AP-HMS to obtain carboxylic 
terminal function
2.2.5 Synthesis of AP-HMS-AH2
This material was synthesised under the same conditions as described for its homologous 
AP-HMS-AHl. The only difference is that acetic acid has been used as the solvent 
instead of diethylether in order to obtain the amide functionality as the terminal group 
instead of the carboxylic acid function (Scheme 2.6).
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EtoO
Room temperature, 24 hours
OH HQ
HOOH
._IO
o
Scheme 2.6 Post-synthetic grafting of maleic anhydride to AP-HMS to obtain the amide 
terminal function
2.2.6 Synthesis of AP-HMS-CD
2.2.6.1 Synthesis of 6*-(0-paratolyI)-6^-deoxy-cycIomaltoheptaose
Scheme 2.7 gives the synthetic procedure for the preparation o f 6^-{0-p-tolyJ)- 
cyclomaitoheptaose.
•OH
HO
OH
1) TsCI,
HgO, NaOH 
0 °C , pH = 12 ,OHHO
2) HCl 6N, pH = 1-2
HO-
OH
Scheme 2.7 The preparation of 6*-(0-p-toIyI)-cyclomaItoheptaose synthesis
This step is an activation reaction of {3-cyclodextrin which leads to the modification of 
one of its primary hydroxyl functionalities. The 6^-(0-p-tolyl)-cyclomaltoheptaose was 
obtained following the procedure described as follows,
In a 250 ml Erlenmeyer, ^-cyclodextrin (8.5 g, 7.48 mmol) previously dried overnight in 
a pistol drier, was suspended in water (50 ml) and vigorously stirred. The pH of the
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solution was adjusted to 13,24 by adding sodium hydroxide (2.4 ml, of 8 mol dm‘^ ) to 
solubilise the ^-cyclodextrin. Then the reaction mixture was cooled down to 0° C by 
using an ice-bath. Then p-toluenesulfonylchloride (1.58 g, 8.28 mmol) dissolved in 
acetonitrile (3.5 ml), was added dropwise over a period of 2 min. The pH of the mixture 
becomes 12.35. This was followed by the addition of HCl (2.02 ml, 6  mol dm‘^ ) to bring 
the pH to a value of 2.02. The reaction was kept in the fridge at 5° C for up to 18 h. A 
precipitate was formed which was collected by filtration and then recrystallised from 
water. The precipitate was kept in the fridge. A 30 % yield was obtained.
Microanalysis carried out for Molecular Weight = 1207.21 Molecular Formula = 
C49H76O37S. 3 H2O, Molecular composition (theoretical %) = C, 43.82; H, 6.15; S, 2.39; 
O, 47.82; Molecular composition (found %) = C, 43.21; H, 6.04; O + S, 50.75.
2.2.6 2 Immobilisation of /î-cyclodextrin on the mesoporous silica
After the mono tosyl /?-cyclodextrin was synthesised and fully characterised by ID and 
2D NMR spectroscopy (see Appendix A), the immobilisation of y5-cyclodextrin on the 
mesoporous silica was achieved following the modified procedure described by Bibby et 
aÛ^^. Thus HMS-aminopropyl silane (2 g) was suspended in dry DMF (50 ml), then 
different amounts of tosyl-yS-CD (0.25, 0.5 and 0.72 g) dissolved in a small amount of 
DMF were added to the reaction and the mixture was stirred and heated at 70 °C for 24 
hours. The dried material was recovered by filtration and washed with DMF (2 x 20 ml) 
followed by methanol (2 x 20 ml). Scheme 2.8 shows the synthetic procedure for the 
preparation of AP-HMS-CD.
(HO)e
D M F  (OH); (HQ);
T  =  7 0 °C , 24houi'S
Scheme 2.8 Post-synthetic grafting of tosyl-^^-cyclodextrin to AP-HMS
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2.2.7 AP-HMS-BO synthesis
In a 250 ml round bottomed flask, phenylboronic acid (1.36 g, 11.22 mmol) was refluxed 
with triethylamine (0.78 ml, 5.61 mmol) and formaldehyde (1.8 ml) for Ih. Then HMS (3 
g) was added to the mixture and the reaction was refluxed overnight in an EtOH/CHCls 
(1:1) solvent mixture. The solid was filtered and washed several times with an 
EtOH/CHCls mixture. In Scheme 2.9 is shown the synthetic procedure for the 
preparation of the AP-HMS-BO material.
HOEtOH/CHCl3
T = 70°C, 24 hours
Scheme 2.9 Post-synthetic grafting of phenylboronic acid to AP-HMS
2.3 Synthesis of
phenoxy)caUx[4]pyrroIe (CP)
meso-tetramethyl-tetrakis-(4-
The synthetic procedure for the preparation of CP is shown in Scheme 2.10. Parent calix 
[4] pyrrole (CP) was synthesised following the modified reported procedure Pyrrole 
(60 ml, 0.86 mol) in a minimum volume of methanol, was stirred for 2 min to homogenise 
the solution. Then 4-hydroxyacetophenone (100 g, 0.73 mol) previously dissolved in 
methanol (150 ml) was added dropwise to the reaction mixture. Then methanesulfonic 
acid (7.5 ml) was added slowly. The reaction was monitored by TLC using a 
DCM/MeOH (9.5:0.5) mixture as the developing solvent. The TLC shows that the 
macrocycle is formed immediately after the addition of the acid. However the reaction 
was left overnight to get a thick solution. The day after the reaction was stopped and 
poured in small fractions in a large amount of water to obtain a brownish precipitate 
which was filtered. The solid was then dried for 24 hours under air atmosphere and
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extracted several times with diethylether to obtain the aaaa  isomer^\ The diethyl ether 
fraction was evaporated and a brownish solid was obtained and crystallised from acetic 
acid. Black needle crystals were obtained. Recrystallisation from a MeCN: Acetone 
mixture was required to obtain white needle crystals. These were dried under vacuum at 
90° C for 24 h and characterized by NMR in de-DMSO to give the following signals 
(ppm), 9.44 (s broad, 4 H, NH); 9.26 (s, 4 H, OH); 6.70 (d, 8 H, ArH); 6.63 (d, 8 H, ArH); 
5.93 (d, 8 H, pyrrole-H); 1.71 (s, 12 H, CH3).
,0H
HO,
CH3
H -NN - HMethanol
CH3
HO OH
Scheme 2.10 Synthetic procedure used for the preparation of CP
2.4 Synthesis o f m eso-tetram ethyI-tetrakis-[(4-N ,N
diethylacetam ide)phenoxym ethyI]calix[4]pyrrole (C PA)
Meso-tetramethyl-tetrakis-(4-hydroxyphenyl)calix[4]pyrrole (1 .7g, 2.26 mmol),
potassium carbonate (2.5g, 18.1 mmol) and 18-crown-6 (0.125 g) were vigorously stirred 
and refluxed for Ih in freshly refluxed acetonitrile (MeCN) (150 ml) and under a nitrogen 
atmosphere. Then N,N-diethylchloroacetamide (2.46 ml, 17.9 mmol) was added dropwise 
and the mixture was refluxed overnight. The reaction was monitored by TLC using 
DCM/MeOH (9:1) as the developing solvent system. After cooling down the reaction, the 
solvent was removed under pressure. The solid obtained was dissolved in 
dichloromethane and extracted several times with water to remove the excess of 
potassium carbonate. The dichloromethanic phase was separated and dried over 
anhydrous magnesium sulphate, then filtered. Dichloromethane was rota-evaporated and
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the oily product was recrystallized from acetonitrile to yield 70 % of white needle 
crystals. The procedure used for the preparation of CPA is presented in Scheme 2.11.
OH
CICHjCONCCHjCHj);
MeCN.T = 80"C , 12 h
12’Meso-tetramethyl-tetrakis-(4-hydroxyphenyl)calix[4]pyrrole meso-tetramethyl-tetrakis-[(4-N, N diethylacetamide) phenoxymethyl]calix[4]pyrrole
Scheme 2.11 Synthetic procedure used for the preparation of CPA
Microanalysis was carried out (C72H88N8O8) calculated % were C, 72.46; H, 7.43; N, 
9.39; O, 10.72. Found % = C, 71.76; H, 7.47; N, 10.11. 'H  NMR (300 MHz), (CDCI3) 
(298.15 K), 8  (ppm); 7.65 (s. broad, 4H, NH), 7.04 (d, 8 H, ArH), 6.82 (d, 8 H, ArH), 5.73 
(d, 8H, pyrrole-H), 4.65 (s, 8H, O-CH2-CO), 3.41 (q, 16H. N(CH2-CH3)2), 1.94 (s, 12H, 
CHr-bridge), 1.24 (q, 12H, N(CH2-CH3( 1))2), 1.15 (q, 12H, N(CH2-CH3(2 ))2). '^CNMR 
(125.76 MHz), (298.15 K), 5 (ppm): 167.43 (C l), 157.21 (08), 137.04 (C5), 129.15 (07), 
114.25(06), 106.65 (02), 68.04 (04), 44.41 (09), 42.08 (O il), 40.61 (011’), 28.63 (03). 
14.90(012), 13.15(012’).
2.5 M odification  o f  silica w ith phenoxycaIix[4]pyrrole
Phenoxycalix[4]pyrrole (CP) was covalently bonded to silica (0.2-0.5 mm) giving 
calix[4]pyrrole modified silica. The immobilization of these molecules on the silica 
support was carried out by two different methods (homogeneous and heterogeneous). The 
first stage in the preparation of the functionalized silica was the synthesis of the silylating 
agent, by the reaction o f 3-chloropropyl trimethoxysilane (TMSPCl) with 
phenoxycalix[4]pyrrole in MeCN. The resulting compound was allowed to react with the 
silanol groups of activated silica, liberating methanol, to get the final functionalized
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support (Scheme 2.12). The second methodology (heterogeneous method) involves a two- 
step reaction o f the solid support. Thus the activated silica with 3-aminopropyl 
trimethoxysilane (APTMS) reacted to give the amine silica followed by a second reaction 
with the appropriate amount o f CP and formaldehyde to yield the final hybridised 
material (Scheme 2.13)
2.5.1 Homogeneous method for the preparation of AP-SIL-CP
Meso-tetramethyl-tetrakis-(4-hydroxyphenyl)calix[4]pyrrole (2.34 g, 3.16 mmol), 
potassium carbonate (2.28g, 16.49 mmol) and 18-crown-6 (0.15 g) were vigorously 
stirred and refluxed for Ih in freshly refluxed acetonitrile (MeCN) (150 ml) and under a 
nitrogen atmosphere. Then 3-chloropropyl trimethoxysilane (4.55 ml, 21.4 mmol) was 
added dropwise and the reaction was refluxed overnight. The reaction was monitored by 
TLC using DCM/MeOH (9.5:0.5) as the developing solvent system. After the spot of the 
CP disappeared completely from the TLC, activated silica (3 g) was added to the 
reaction. The mixture was stirred with a mechanical stirrer and heated for almost 20 
hours. After cooling down, the mixture was filtered through a glass filter and the material 
was washed twice with (2 x 20 ml) citric acid (0.1 mol dm‘^ ) and then twice with a 
mixture of methanol/acetone/water (2 x 20 ml). The homogeneous route for the 
preparation of AP-SIL-CP is shown in Scheme 2.12.
— O -
MeO 
+ MeO-^ Si' 
MeO
MeCN
Heat 70 C, 48 h
phenoxyCaIix[4Jpyrrola 3-ChloropropyIe trimelhoxy silane
overhead stirring, 
70 C ,20 h
- f -? ? ?H O - S i-O —S j- O — ^l-O H
9 ? 9H O - S l-O —S I - 0 — SI-OH 
Q -O
\ l /
MeO oM gOM e 
phenoxyCalixHlpyrrote
Silica-Calix[4]pyrroIa
Scheme 2.12 Homogeneous route for the silica-calixpyrrole (AP-SIL-CP) synthesis
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2.5.2 Heterogeneous method for the preparation of AP-SIL-CP
Silica (size 0.2-0.5 mm, 10 g) was activated overnight in an oven at 400° C. The activated 
silica was suspended in freshly refluxed toluene (100 ml) and APTMS (10 ml, 54.30 
mmol) was added. The mixture was refluxed under a nitrogen atmosphere (Scheme 2.13) 
for 48 hours. The resulting product (AP-SIL) was filtered off and washed with toluene (2 
X 20 ml) and methanol (2 x 20 ml). The product was dried in a pistol dryer for 20 hours at 
110°C.
In a 250 ml round bottomed flask CP (4.2 g, 5.67 mmole) was refluxed with 
triethylamine (0.4 ml, 5.06 mmole) and formaldehyde (1 ml) for Ih. Then activated silica, 
AP-SIL, (3 g) was added to the mixture and the reaction was refluxed for 20 hours in an 
EtOH/CHCb (1:1) solvent mixture. The solid was filtered and washed twice with an 
EtOH/CHCb mixture (2 x 20 ml).
OH OH
S i-O -S i-O -S i-0? ? \o - s i - o - s i - 0—— s r
I ? ? /S i-O -S i-O -S I-O  
' OH OH
Aminopropyle silica
H ETOH/CHCij
OH
phenoxyCalix[4]pyrrole
H Heat 70 C, 20 h
9 ? 9H O -S i-O —S i- 0 —^i-OH
9 9 9H O -SI-O —SI-O —SI-OH
H ,NH
8 Y
12 14
Siiica-CaIix[4]pyrroie
Scheme 2.13 Heterogeneous route for the silica-calixpyrrole (AP-SIL-CP) synthesis
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nitrogen
w a te r
w a te r
HMS
Silica
Fig 2.1 Apparatus (left) used for the synthesis of modified silica, (right) Soxhlet used for 
the continuous washing of the Hexagonal Mesoporous Silica (HMS) with hot ethanol
2.6 N M R  m easurem ents
The NMR technique was used in two different ways i) liquid NMR, where the organic 
compounds were dissolved in deuterated solvents. This technique was used to 
characterise different ligands, provide information about the ion-1 igand interactions and 
establish the sites of coordination of the ligand upon complexation with the ion. As far as 
charcterisation is concerned, 'H NMR, '^C NMR, DEPT NMR, HSQCDEPT NMR 
and COSY NMR were recorded, ii) *^ C solid NMR for different hybridised silicas.
To assess whether or not the ion complexes with the ligand, a known concentration of the 
ion salt (~ 8 x 10'  ^ mol.dm'^) was added to the NMR tube containing a solution of the 
ligand in the same solvent. The concentration of the ligand was ten times lower than that 
of the ion salt to ensure that the whole ligand has been complexed with the ion.
All 'H NMR measurements were recorded at 298.15 K using a Bruker AC-300 E pulsed 
Fourier transform NMR spectrometers. Typical operating conditions for routine proton 
measurements involved a “ Pulse” or flip angle of 30°, spectral frequency (SF) of 300.25 
MHz, delay time of 1.60 s, acquisition time (AQ) of 1.819 s, and line broadening of 0.55
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Hz. Solutions of the samples of interest were prepared in the appropriate deuterated 
solvent, and then placed in 5 mm NMR tubes using TMS (tetramethylsilane) or solvent 
pick as the internal references. For the NMR measurements, the operating conditions 
were as follows; spectral frequency, 75.469 MHz, spectral width, 301 ppm, delay time, 
0.279 s, acquisition time, 0.721 s and line-broadening, 1.4 Hz with TMS as internal 
reference. All measurements were carried out at 298 K.
The solid state cross polarization NMR spectra were recorded at a field of 7.05 T, 
using a Bruker AC-300 spectrometer equipped with a high speed multinuclear MAS 
probe at 75.47 MHz with a Is pulse repetition rate. The chemical shift reference for ‘^ C 
solid NMR was set out separately through the spectrum of 7-nitro-l ,3,5-triaza- 
adamantane, with two methylene resonance sets respectively at 28.06 (N-CH^-N) and 
37.11 ppm (N-CH2-C(N02)).
2.7 C onductom etric m easurem ents
Conductivity measurements provide information about ion-ion and ion-solvent 
interactions in electrolyte solutions as well as their ion mobility. This method is 
commonly used to determine the behaviour of electrolytes in solution as well as the 
extent of complexation, so the interaction between a ligand and metal can be assessed at 
any time.
The resistance of an electrolyte solution is defined in the same way as for a metallic 
conductor by
R = p — (2.1 )
In eq. 2.1, p is the resistivity, 1 the distance between electrodes and A the area in (m^) of 
the electrodes. ~  is the reciprocal of resistance R. The conductivity k is given in eq. 2.2.
1 1 I (2.2)
The unit of k is n* 'm '‘ or S cm'% where S denotes siemens. In eq. 2.2, ~  is the constantA
of the conductivity cell usually referred as 0 . Then eq. 2.2 can be expressed as:
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K = S x 0  (2.3)
2.7.1 Apparatus; The Conductimeter
A Wayne-Kerr Autobalance Universal Bridge type B642 was used for conductometric 
measurements. The Wayne-Kerr is connected to a platinum glass bodied electrode housed 
in a cylindrical glass vessel where the reaction takes place. A thermostated bath 
circulating water in the vessel jacket was used to maintain the temperature of the vessel at
298.15 K. A magnetic stirrer was used to keep homogeneous the solutions throughout the 
time of the experiment.
2.7.2 Molar conductivity
Since it is not possible to compare values for different electrolytes that may have different 
concentrations, conductivity has been restricted to molar conductivity, Am.
. lOOOx/rK ------------- (2.4)
In eq. 2.4, «ris the conductivity (Q ' cm ') and c is the concentiation (mol dm'^).
2.7.3 Determination of the constant of the conductivity cell
The cell constant was determined by titrating a solution of KCl (0.1 mol dm‘^ ) in 
deionised w a t e r (25 cm^). The cell was immersed in a thermostated bath at 298.15 K. 
The conductance of the solution was recorded after addition of KCl once the stability of 
the system was ensured.
The molar conductance. Am, values were calculated from the Lind, Zwolenik and Fuoss^^^ 
equation (eq. 2.5)
A,n = 149.43 -96.45c'^^ + 58.74 c log c + 198.4 c (2.5 )
In eq. 2.5, c, is the concentration of the KCl (mol dm* )^ solution.
The cell constant was calculated from the following equation:
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0=-1000x6" (2.6)
2.7.4 Conductometric titrations of metal ion salts with the ligand in solution
Conductometric titrations of metal-cation (as perchlorates) or anion (as tetra-M- 
butylamonium) and lanthanide (as trifluoromethanesulfonate) salts with the appropriate 
ligand (CPA) were carried out in acetonitrile at 298.15 K. To perform these 
measurements, the conductometric cell was filled with accurately weighed amounts of the 
ion salt solution prepared in the appropriate solvent (25 ml) and left under stirring during 
the titration to reach thermal equilibrium. Then, a solution of the ligand prepared in the 
same solvent was stepwise added into the vessel. After each addition, stable conductivity 
readings were taken and molar conductance values were calculated. Molar conductances, 
Am (S. cm^ m of') against the ligand-ion concentration ratio, [L]/[M"^], were used to 
determine the stoichiometry of the complex.
2.7.5 Calorimetric measurements
Titration calorimetry was firstly developed by Christensen and Izatt^^®'*’  ^to determine the 
thermodynamic parameters of complexation (stability constant log Ks and enthalpy AcH). 
In this work, two types of calorimeters were used; the Tronac 450 (macrocalorimeter) and 
the 2277 Thermal Activity Monitor (microcalorimeter). A general description of these 
equipments is given below before proceeding with the procedures used.
2.7.5.1 The Tronac 450 calorimeter
The Tronac 450 calorimeter is a commercial version of the solution calorimetrer 
originally designed by Christensen and Izatt'^^ (Fig. 2.2) The Tronac 450 consists of a 
reaction vessel (50 cm^) connected to a motor driven stirrer, a burette (2.5 cnf), a 
thermostatic bath (capacity of 50 dm^), an electronic assembly containing a Wheastone 
bridge, a heater-cooler device and a precision temperature controller. The latter ensures 
that the bath temperature is maintained at 298.15 K. The Tronac 450 is an isoperibol 
calorimeter where the surrounding jacket is maintained at a constant temperature while 
the temperature of the vessel is altered as the reaction takes place. Temperature changes 
during the course of the reaction are monitored by a thermistor bridge and subsequently 
converted to the corresponding voltage in a Wheatstone bridge circuit. This voltage is
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amplified in an amplifying circuit and recorded on a strip-chart recorder to obtain the 
thermogram.
O
o  o
B a th  H a a te r  T r a n s f o r m a r .  a n d  C o o ltn o  Ma t a r  C on n ec t*  o n t
Fig 2.2 The Tronac 450 calorimeter
i) Analysis of the therm ogram
Fig. 2.3 shows a temperature-time curve for a calorimetric experiment where heat is 
evolved in an electrical calibration experiment (a) or an exothermic reaction (b). The 
region from A to B is the initial period in which the reaction is in thermal equilibrium. It 
consists mainly of heat produced by stirring, thermistor and heat leaks. The region from B 
to C indicates the heat rise due to the addition of the titiant, in addition to the heat of 
dilution of titrant and other heat effects evolved in the first region. The region from C to 
D represents the end of the reaction and it is subjected to the same effect o f heat as that of 
the region A to B.
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/tv
II
00 tata
Tinic/volume of titrant added
Fig 2.3 Typical thermogram curves for an exothermic reaction under various conditions 
(a) electrical calibration thermogram; (b) chemical reaction (titration) thermogram
ii) The D ickinson's method of extrapolation
The graphical extrapolation based on the Dickinson’s method' '^* was used to calculate the 
temperature changes obtained in the reaction. During a reaction, the rate of heat produced 
is truly exponential. The mean temperature of the reaction period, T, will occur at a 
certain time. Therefore, the linear parts of the thermogram were extrapolated to the time 
when 63 % of the total heat was evolved (0.63% = 1-1/e). Thus, the corrected temperature 
change, dc is 0.63 x AT, where AT is the total temperature rise in a strip chart units (mm). 
In an electrical calibration experiment, the heat evolution is usually linear with time, and 
the extrapolation in this case was carried out using the time at which half the temperature 
rises (50 %).
iii) Calibration of the Tronac 450
a) Calibration of the burette deliveiy rate (BDR) ^ ^^
The BDR is determined with the aim of calculating the volume o f titrant added at various 
time intervals during the titration. The burette was filled with water ensuring the absence 
of air bubbles in the burette as well as in the hose. The water was delivered over various 
and accurately measured time intervals and collected in a pre-weighed vessel. The weight 
collected in each run was measured. Knowing that the density of water^^^ is 0.997 g. cm'^ 
at 298.15 K, the BDR was calculated from eq. (2.7)
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B D R^ Wtp x t (2.7)
In eq. 2.7, Wt (g) is the weight of water collected in each run, p (0.997 g cm'^) denote the 
density of water at 298.15 K and t (sec) is the time for a single run.
b) Calibration of the Tronac 450 (Electrical Calibration)
To calculate the heat values, Q, from the set o f data obtained in a calorimetric titration, 
the energy equivalent for the calorimeter (reaction vessel and contents) which is regarded 
as the mass of water with calorific capacity e, was determined by electrical calibration( 
eq. 2.8 )
Q = s x d  (2.8)
After each titration experiment, a constant current was introduced to the reaction vessel 
through a resistance heater over a measured period of time, t (sec). During this time 
interval, the potential across the standard resistance and the reaction vessel resistance 
heater, Vi (mV) and V2 (mV) respectively, were measured. The e value was calculated 
from the experimental data using eq. 2.9.
K xV yXt  s  = —— -—  R x d (2.9)
In eq. 2.9, R = 100.02 D, is the calorimetric internal resistance and d is the corrected 
temperature change.
Hence, the molar enthalpy change for the process was calculated using eq. 2.10
6AH=- (2 .10)
In eq. 2.10, n is the number of moles of titrant added in each run.
c) Chemical Calibration of the Tronac 450
The trw-(hydroxymethyl) aminomethane (H2NC(CH20H)3, THAM) hydrolysis reaction, 
in an aqueous solution o f HCl, is the most commonly used standard chemical reaction for 
checking the reliability of the Tronac 450 calorimeter. The process is described as follow,
(2 .11)
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The total heat of protonation of THAM Qp, is the sum of the heat recorded during the 
titration experiment, Qr, the heat of hydrolysis of THAM in water, Qh and the heat of 
dilution of THAM in water. The heat protonation is thus,
Q p ~ Q r ~ Q h  - Q d  ( 2 . 1 2 )
Qh can be calculated from the hydrolysis reaction of THAM, eq. 2.13.
THAM + H^O ^  HTHAM^ + 077" (2.13)
The hydrolysis constant which can be deduced from this reaction is given in eq. 2.14.
The molar concentration of hydroxide ions can be calculated from eq. 2.15.
\O H - y { K „ x [ T H A M ] Ÿ  (2.15)
The heat associated with the hydrolysis of THAM in water was calculated from eq. 2.16.
a ,  = [0ff-]xF xA ff„  (2.16)
In eq. 2.16, V (dm^) is the volume added in each run and AhH is the standard enthalpy of 
formation of water (-51.63 kJ m of') at 298.15 K. Therefore the enthalpy of protonation 
ApH is expressed as shown in eq. 2.17.
(2.17)n
In eq. 2.17, n is the number of moles of THAM added in each run
iv) Titration experiments
Direct calorimetric titrations were performed for the determination of stability constants 
values lower than 10*^  (log Ks < 6). Thus a solution of the ion salt was prepared in the 
appropriate solvent, placed in the burette and titrated into the vessel containing a solution 
of the ligand prepared in the same solvent. An electrical calibration was carried out after 
each experiment. In all cases, blank experiments with the ion salt in the burette and the 
solvent (50 cm^) in the vessel were carried out to account for heat of dilution effects
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resulting from the addition of the metal-ion salt solution to the solvent contained in the 
calorimetric vessel.
Two BASIC language programs CALLA.BAS and KHNLR3, developed at the 
Thermochemistry Laboratory were used for the calculation of log Kg and AcH values. 
In these programs, the following steps are considered,
• An initial value of Ks is assumed
• Concentration of different species in the reaction vessel are calculated for each
data point and the assumed value of Kg
• Calculation of AcH value corresponding to the Kg value chosen and which fits all 
data points in the least square sense
• Evaluation of the sum of square errors, Rn
• Repetition o f all the above steps assuming new Ks values until the optimal Kg and 
AcH values are found, which correspond to the minimum value of R,,
2.7.S.2 The Thermal Activity Monitor (TAM) Microcalorimeter
The Thermal Activity Monitor (Fig. 2.4 (a)) is a four channel state of the art heat
conduction microcalorimeter which was designed by Suurkuusk and Wadso*^^. The
THAM 2277 can hold up to four calorimeteric units (Fig. 2.4 (b)) surrounded by a water 
bath. These can be operated independently. The main advantages of this equipment are:
• Base line stability over a long period of time
• High sensitivity, where small heat (less than 1 microwatt) can be detected
• High precision, where several interactive controlling systems are installed to 
maintain the temperature of the water bath (25 dm^) at the working range of 
5-80 ° C
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Fig 2.4 (a) The Thermal Activity Monitor (TAM 2277), (b) Calorimetric unit
The perfusion cell (Fig. 2.5) is introduced to its working position stepwise using the three 
indicated equilibration positions. The type of vessel used in this work is a 3 cm^ stirred, 
stainless titration vessel. The titrant was introduced incrementally into the cell by a gas 
tight Hamilton syringe positioned horizontally in a computer-opened drive unit. The 1 m 
long stainless steel hypodermic needle which was permanently fixed to the syringe 
reaches the calorimetric cell. Efficient stirring was maintained by a turbine stirrer'^^ to 
ensure effective flow of the liquid inside the vessel.
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Fig 2.5 The titration perfusion cell
A) Electrical calibration of the TAM 2277
The electrical calibration of the TAM 2277 was performed to ensure that the heat 
generated by the internal calibration heater is equal to the heat measured by the 
instrument. Electrical calibration is performed occasionally to avoid any drifting of the 
machine.
During a static calibration, a known amount of heat is generated by precision calibration 
heater resistors. These are built into the bottom of the measuring cup of the calorimeter 
for a certain period of time until a plateau is reached (Fig. 2.6). Then the signal is 
corrected for the exact amount of heat. A standard chemical reaction should be performed 
to check for the reproducibility and accuracy of the instrument. The calibration values 
derived from an electrical calibration may not always be representative for the chemical 
process investigated. It is therefore important to do a chemical calibration by which the 
electrical calibration values can be controlled.
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Fig 2.6 Typical thermogram of a single run (300 pW) electrical calibration experiment
B) Chemical calibration of the TAM 2277
To check the reliability o f the TAM 2277, the standard reaction suggested by Briggner 
and Wadso^^* for the complexation of 18-crown-6 with barium chloride in water at
298.15 K was used.
An aqueous solution of 18-crown-6 (2.8 ml, ~ 3.43 x lO'"^  mol dm‘^ ) was placed in the 
calorimetric vessel and about 21 injections of an aqueous BaCla solution (~ 2.17 x lO'"^  
mol dm’^ ), were made through a Hamilton gas syringe. The heat produced was recorded 
as pW versus time (Fig. 2.7). A separate dilution experiment of the barium salt was run 
and the data were subtracted from the main experiment. Consequently, the heat evolved in 
the complexation of 18-crown-6 and Ba^^ in water at 298.15 K was found to be AcH  ^= - 
37.48 ± 0.08 KJ.mol'^ and log Ks = 3.80 ± 0.03. These values are in good agreement with 
those reported in the literature'^V
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Fig 2.7 Thermogram for the TAM calorimetric titration of 18-crown-6 with Ba^ "^  in water 
at 298.15 K
2.7.S.3 T itration experiments
Direct microcalorimetric titrations were carried out to establish the thermodynamic 
parameters for the complexation process between the ligand and ion in acetonitrile at
298.15 K. In a typical direct microcalorimetric titration experiment, the reaction vessel 
was charged with the (ligand or ion) depending on the stoichiometry. The titrant was 
injected incrementally using a 0.5 cn f gas-tight motor driven Hamilton syringe. Two 
scenarios are presented: i) stoichiometry 1:1 and 2:1 (lignad: ion), the ligand is in the 
vessel and the ion salt is in the syringe, ii) stoichiometry 1:2 (ligand: ion), the ion salt is in 
the vessel and the ligand in the syringe. An excel spreadsheet developed at 
Thermochemistiy Laboratory (Appendix D) was used to find the exact concentrations of 
titrant or titrand. In each titration experiment, about 20 injections were made at time 
intervals o f 30-45 min. Corrections for the enthalpy of dilution of the titrant in the solvent 
were carried out in all cases. A computer program for TAM (Digitam 4.1 for Windows 
from Thermometric AB and Scientech Software AB, Sweden) was used to calculate the 
stability constant (log Ks) and the enthalpy of complexation (AcH).
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2.1.SA Calculation of log K§ and AcH from calorimetric titration data 
The 1:1 (ligand: ion) Stoichiometry
The foUowing equation describes the equilibrium taking place for the formation of a 1:1 
(ligand: ion) complex in a given solvent. is the notation used as symbol of any ion 
whether is a cation or an anion just for simplification reasons.
(f) + L{s) (s) (2.18)
In eq. 2.18, L and ML"’*’ denote the free ion, the free ligand and the metal-ion 
complex respectively.
The concentrations of the various species in the reaction vessel are given by
M T = M + [M Z r]  (2.19)
(2.20)
In eqs. 2.19 and 2.20, [L], [M"'*'] and [ML"^j are the molar concentrations of the free 
ligand, the free ion and the metal-ion complex in solution at equilibrium respectively. 
[L ]t and [M "^ ]t are the total molar concentrations of the ligand and the ion, respectively.
Assuming that the mean molar activity coefficient of and the activity
coefficient for the ligand solution is =1, Ks can be expressed in terms of molar 
concentrations (eq. 2.21).
(2.21 )
In calorimetric experiments with the Tronac 450, a computer program written in BASIC 
windows was used for the simultaneous calculation of log Ks and AcH values. For 
calorimetric experiments run in TAM 2277 a Digitam 4.1 software designed for Windows 
was used. This program uses sophisticated non linear minimisation algorithms.
The 1:2 (Ligand: ion) Stoichiometiy
The formation of 1:2 (ligand: ion) is described in eqs. 2.22 and 2.23
M"* (s')+l(s)<- MU'* (s) (2,22)
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(2.23)
In these equations, Ksi and Ks2 denote the stability constant of the first and the second 
complexation processes, shown in eq. 2.22 and eq. 2.23
From the mass balance equations, the following expressions are obtained,
[ L \  (2.24)
=[M "+]+[m "+] + 2 % r + ]  (2.25)
Therefore Ksi and Ks2 are given by
[MT'n [AÆ"+]■^ si =
-
(2.26)
(2.27)
Solving the above system of simultaneous equations, the following cubic equation of 
[ML"^] is obtained.
(2.28)
In eq. 2.28 coefficients a, b, c and d are given in eqs. 2.29 - 2.32 respectively, 
a —Kg; K^2 4 Kg2 (2.29)
b —2Kg^K^2\.^\'^^^s2  (2.30)
[Z], -2 Æ ,, [M"+]r+1 (2.31)
(2.32)
One of the three solutions of the above cubic equation is guaranteed to satisfy the 
following boundary conditions.
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i)
ii)
iii) 4 .% !"+ ] < { L \
iv) + 2 [M ;r+ ] < [M ”%
The value of can then be calculated from eq. 2.37
(2.33)
(2.34)
(2.35)
(2.36)
2Æ^JMZ,"+]+l (2.37)
2.7.S.5 Simultaneous calculation of log Ks and AcH values of complexation from 
calorimetric data
In the case of a 1:1 (ligand: ion) complex, the total heat of the reaction is given by the 
following equation.
(2,38)
(=1
In this equation, V is the volume of the resulting solution after each addition and AcH, is 
the enthalpy of complexation. If the Ks value, given in eq. 2.20, is known in each titration 
step, the values of [ML"^] can be calculated by combination of eqs 2.21 and 2.38. The 
values can then be obtained by a linear least square method. This method minimizes the 
sum of squared differences, U, between the experimental and the calculated values of Q.
(2.39)
The determination of the stability constant, Ks, involves an iterative process in which a 
new set of Ks values with subsequent evaluation of the error function, U is carried out, 
until optimal values for Ks and AcH, are obtained so that U is minimal.
The 1:2 (ligand: ion) case Qcai becomes
jg = -A ,F . F[MZ""]-A,i72 (2.40)
In a similar fashion to 1:1 complexation, Ksi and Ksi values are estimated repeatedly and 
the magnitude of the sum of squared errors U, given in (eq. 2.39), is calculated for each
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set of Ksi and Ksi until a minimum of U is reached and optimal values for Ksi, Ksi, AcHi 
and AcH2 are obtained.
2.8 T herm ogravim etric analysis
Thermogravimetric Analysis (TGA) (STA449, Netzsch, Germany) was used to determine 
the amount of OM (Organic Moiety) grafted onto the inorganic mesoporous silica 
particles. TGA samples were weighed in an alumina pan and heated to 900 °C at a rate of 
10 °C/min.
On the assumption that the weight loss of OM is near 100 %, the ratio of the weight of 
OM carried by the HMS modified silica to the weight of HMS ( W q m /h m s )  was calculated 
using the following equation;
(2.41)
In eq. 2.41 TG (wt.%) is the weight loss of the HMS modified silica, and TGo (wt.%) is 
the weight loss of the unmodified HMS.
2.9 Study o f  m esoporous solids by N itrogen adsorption
The characterisation of divided solids becomes very important because of their uses in 
different branches of industry. This is the case in cracking processes and the synthesis of 
catalysts or adsorbents used in chemical purification or chemical analysis and powders 
designed for emulsion preparation. The study of the surface of these solids, which vary 
from some cm^ to several hundreds of m^ per gram of solid, is an essential parameter in 
their characterisation. The study of the physical characteristics o f hexagonal mesoporous 
silicas hybridised material is carried out by using an automatic apparatus “Gemini Model 
V2380 surface area analyser” which allows plotting the adsorption-desorption isotherms 
of nitrogen at low temperature. Definitions, theories and methods related to nitrogen 
adsorption phenomenon are developed in this part as follows,
a. Brunauer, Emmet and Teller (BET)’^  ^ theory for the determination of 
specific surface area,
b. Kelvin equation and its application to porosity studies, by using Barrett, 
Joyner and Halenda (BJH) method
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Experimental results of nitrogen adsorption on different mesoporous hybridesed silicas 
and their exploitation by the methods described above will be discussed in detail under 
the Results and Discussion Chapter of this thesis.
2.9.1 Adsorption phenomenon
Adsorption is a process that occurs when a gas or liquid solute accumulates on the surface 
of a solid or a liquid (adsorbent), forming a film of molecules or atoms (the adsorbate).
Adsorption is a consequence of gas molecules being attracted by forces emanated from a 
solid surface. The exact nature of the bonding depends on the kind of the species 
involved, but the adsorption process is generally classified as physi-sorption 
(characteristic of weak van der Waals forces) or chemisorption (characteristic of covalent 
bonding). In this work only the physi-sorption is investigated.
2.9.2 Nitrogen sorption isotherm
The quantity V of a gas adsorbed by a gram of a solid depends on the equilibrium 
pressure P, temperature T and the nature of the gas adsorbed and the solid.
For a gas and a solid in contact, the adsorbed volume on the solid, at a fixed temperature, 
depends only on the pressure P at equilibrium. When the gas is in a vapour status, the 
following equation which represents the adsorption isotherm can be written;
V - f p\  ® y'l', gas, solid
(2.42)
In eq. 2.42, Po is the vapour saturation pressure of adsorbate at a known temperature; —
^0
is the relative pressure; and V is the volume adsorbed expressed in cm^ per gram of solid 
and restored to normal conditions of temperature and pressure (0° C, and 1 atm).
The adsorption isotherm is obtained by measuring the quantities of vapour adsorbed by 
increasing P/Po values. The desorption isotherm is obtained by measuring the quantities of 
vapour adsorbed, from the saturation of the solid which happened at a relative pressure 
close to unity, by decreasing P/Pq values. Most frequently, the desorption isotherm does 
not coincide with the adsoption isotherm; this is the HYSTERESIS phenomenon (Fig. 
2.8).
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P/Pf
Fig 2.8 Hysteresis loop showing that adsorption and desorption does not follow the same 
paths
The form and the shape o f the hysteresis loop are characteristics of the adsorbent texture.
2.9.3 Isotherms classification
According to Brunaur, Dewing, and T e l l e r t h e  physical adsorption isotherms of a 
vapour on a solid are classified according to their shape, in five principal types as shown 
in Fig. 2.9.
I
!
III /
(
IV
y
relative pressure P/Po
Fig 2.9 Different types of physical adsorption isotherms*^^.
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1) Type I isotherms: these correspond to non porous solids or solids having micropores 
with a diameter less than 25 Â.
2) Type II and III isotherms: are found in the case of macroporous solids, where the 
sizes of pore diameters are larger than 500 Â. Type II isotherms are very frequent 
while type III are rare.
3) Type IV and V isotherms: these are similar to type II and III respectively. In addition 
they have a pallet in the saturation proximity. These types of isotherms correspond to 
mesoporous solids, where the pores have diameters between 25 and 500 Â. This type 
IV isotherms are very frequent, while type V are rarely encountered and they are 
found when the vapour heat o f adsorption on the solid is nearly null.
NB: As in all classifications, there are restricted cases, where isotherms are not fitted in 
none of the five groups mentioned above because they have got characteristics of two 
different types.
2.9.4 Hysteresis loop classification
Different classifications of these loops are available such as the one proposed by De 
Boer**'. This classification is cumbersome. To overcome this confusion, a new 
classification has been proposed by lUPAC (International Union of Pure and Applied 
Chemistry) where four characteristic hysteresis has been defined and these are called HI, 
H2, H3 and H4 (Fig. 2.10)
HI
I
H 3
H2
relative pressure (P/Po)
Fig 2.10 Four types o f hysterisis according to lUPAC classification.
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1) H I, is associated to compact spherical particles with uniform dimensions,
2) H2, some molecular systems, such as silica gel has a tendency to give H2 
hysteresis, but the distribution of pore size is not well defined in this case,
3) H3 and H4 are obtained in the case of adsorbents containing split pores formed by 
crystalline plates (case of type H3), while H4 indicates the presence of 
microporosity.
2.9.5 Brunuar Emmet and Teller theory or BET theory
The specific surface area of a finely divided solid is the surface developed by one gram of 
the solid. To establish the relation between the specific surface area and the parameters 
which characterise a particle dimension following an idealistic case is chosen: 1 cm^ of a 
non porous solid finely divided into several identical cubes of L dimension and a number 
of 1 /L , since the area o f each cube is 6 L^, the total area is 6 /L and the specific surface 
area, A is given by eq. 2.43.
(2 43)p -L
In eq. 2.43, p is the solid density
In practice, this is an idealistic case rarely encountered. For powders constituted by plain 
particles, with different sizes and shapes, this formula become more complicated, but still 
give an approximate idea about the size of the specific surface area.
2.9.6 Equations development
The model produced by Brunuar, Emmet and T e l l e r * i s  based on the kinetic model 
produced by Langmuir long ago.
2.9.6.1 Langm uir Model
In order to derive Langmuir model the following assumption are made: a solid of mass mo 
is in contact with a gas at a pressure P and temperature T and the contact surface is equal 
to one unit.
The Langmuir idea is that the mass of a gas adsorbed by unit of surface tends to a limited 
mass mo when the gas pressure becomes very important. In these limited conditions the 
solid is covered with a gas monomolecular layer (Fig 2.11)
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Vg: Adsorption rate 
Vj: Desorption rate
Solid surface of one unit 
Fig 2.11 Monolayer model
The theoretical study of Langmuir was carried out at constant temperature. If 0 is the 
fraction of surface unit of the solid covered with gas molecules physisorbed; (1-0 ) is the 
non-covered surface. Therefore the following equation is used,
Wo Sq
In eq. 2.44, So is the free surface of the solid 
The adsorption equilibrium can be described as follows, 
M  (g) M  {adsorbed)
(2 44)
(2.45)
The equilibrium calculation can be carried out through the kinetic ally. When dynamic 
equilibrium is obtained, the desorption rate, Vd (number of molecules which go off the 
surface per unit of time) is equal to the rate of adsorption Va (number of gas molecules 
which adsorb on the surface 1 -0  per unit of time)
Vd is proportional to the number of molecules adsorbed,
(2.46)
(2 47)
In eq. 2.47, Kd is the desorption equilibrium constant
Va is proportional to the pressure P and to the free space on the solid surface, 1-0,
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F„=iC „(l-6>)P (2.48)
In eq. 2.48, Ka is the adsorption equilibrium constant 
The kinetic equilibrium can be written as follows,
K  (1 ~ (2.49)
Rearrangement and substitution lead to eq. 2.50 Icnown as the Langmuir equation
BP
(1 + PP) (2.50)
k.In this equation, P = ~  is the adsorption coefficient which depends on T and the nature 
of the phases.
2.9.6.2 Limitations of the Langm uir Model
Equation 2.50 is not only applied for cases where monolayers are produced as a result of 
adsorption but also the model assumes a plain surface for the solid. However the solid 
surface is wild by the presence of cracks, peaks, in a way that the experimental results are 
very far from the ones expected from the Langmuir model. It is thought that the holes in 
the solid surface may hold several gas molecule layers**^. A multilayer model was 
necessary and this has been developed by Brunuar, Emmet and Teller*^^.
2.9.6.3 The M ultilayer Model
Brunuar, Emmet and Tel 1 e r * generalized the Langmuir theory for adsorption on 
successive monomolecular layers (Fig. 2.12)
Vg: Adsorption rate 
Vj,: Desorption rate
non
Solid surface of one unit
Fig 2.12 Multilayer model
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Based on the following assumptions, Brunuar, Emmet and Teller developed the BET 
model,
1. The adsorption is localized on specific sites of the surface with the same energy; 
the adsorbed molecules do not interact between them.
2. From the beginning, the process of adsorption takes place in multilayer and thus 
molecules adsorbed in the first layer are used as sites of the adsorption for molecules of 
the second layer.
3. There is a permanent equilibrium between adsorption and desorption.
4. The rate o f adsorption is proportional to the layer surface (So, Si........Sj) and the
gas pressure P while ai is the proportionality coefficient ,So is the unoccupied surface 
and Si is the surface covered by the i*'^  layer. In summary
(2.51)
5. The rate of desorption is proportional to the number of desorbed molecules and 
the surface of desorbed layers. The desorption is an activated process where the 
activation energy is P, for the first adsorbed layer and E. for the i‘*' layer (eq. 2,52).
= %  exp RT (2.52)
In eq. 2.52, Vd is the desorption rate, bj is the desorption coefficient on i layer, E, is the 
activation energy of the desorption on i layer, R the gas constant and T is the temperature 
of work.
Rearrangement and substitution lead to eq. 2.53 known as the BET equation.
C - 1
CK„ T  (2.53)-M )V { P ,-P )  c-v„
In this equation,
V (cm^) is the adsorbed volume accumulated by Ig of solid under a pressure P; 
P (Torr) is the equilibrium pressure of vapour;
Po (Torr) is the saturation vapour pressure at the working temperature;
Vm (cm^/g) is the adsorbate monomolecular volume;
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C is a characteristic constant of the gas-solid system.
In this thesis the texture of the different HMS modified silicas has been studied by the use 
of N2 adsorption-desorption isotherms at 77 K. Sorption measurements were carried out 
by a commercial apparatus (Gemini Model V2380 surface area analyser). This technique 
was used for the determination of the pore size and the structural characterization of these 
materials. The specific surface area Abet (m^/g) was obtained by the Brunauer-Emmet- 
Teller (BET) t h e o r y T h e  pores size distribution (PSD) curves were computed from the 
desorption branches of the isotherms using BJH (Barret, Joyner and Halenda) algorithm 
for pore diameter between 17 and 3000 A. The pore sizes (D bjh, A) were determined 
from the maxima of the PSD curves. The porous volume was calculated using the Kelvin 
equation* '^*.
Nitrogen adsorption isotherms were performed at pressures up to the bulk saturating 
vapour pressure Po and at 77.35 K. The wall thiclcnesses (W.T) were calculated using the 
following equation:
2 d.W.T = 100 ns (2.54)
In this equation, dioo, denotes the spacing between the planes [100] in the material lattice. 
2.9.7 Sample preparation
Before studying the texture, the adsorbate surface should be prepared. This preparation 
consists of cleaning the surface from any contaminant. In general desorption of any 
contaminant from the adsorbate surface should be at room temperature, but it appears that 
the process is very slow in such conditions. In practice the process is accelerated by 
increasing the temperature of the adsorbate particularly if small pores are involved. It is 
necessary to ensure that sintering does not destroy the pores network. Nitrogen ultia-pure 
(99.999) at the liquefaction temperature (~ 77 K)*®^  was used as adsorbant for these 
experiments.
2.10 Mesoporous Silicas: Removal of pollutants
Some of the mesoporous silicas discussed above were used in batch experiment to test 
their capacity to remove pollutants from aqueous solutions.
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2.10.1 Flame Atomic Absorption Spectrophotometry
A Perkin Elmer 400 Spectrometer, was used for the analysis of the elements. The oxidant 
was air and the fuel was acetylene. Combustion of acetylene in air generates temperatures 
in the 2125-2400 K and produces a stable flame simple to operate. The instrument was 
calibrated using a series of calibration standards. All standard solutions were prepared by 
diluting a commercial solution (-1000 ppm). Table 2.1 shows the typical wavelength, 1, 
sensitivity, detection limit for the elements determined by the Perkin Elmer 400 
Spectrometer, which is equipped also for operating in an emission mode. In order to 
measure metal concentrations in solution, the water samples were filtered through a 0.45 
pm pore size membrane immediately after extraction. While for measuring the total metal 
concentrations, the water sample was diluted with de-ionized water and therefore the 
sample was ready for analysis by FAAS.
Table 2.1 Working Conditions for the AA used in this work.
Metal ion Lamp Current (inA) Wave length (nm) Sensitivity
CÛ 54 324.7 0.03-0.07
Cd 46 228.8 0.01
Pb 30 283.3 0.01-0.04
2.10.2 Determination of sodium and fluoride using a sodium selective 
electrode
Potentiometry follows clear physical and chemical concepts. The potential measured by 
potentiometry is proportional to the activity of the ion in the solution according to the 
Nernst equation (eq. 2.55)
RTE ~ E ^  log n (2.55)nF
In this equation E is the measured total potential of the system, E° is the standard 
electrode potential, R is the universal gas constant (8.314 J IC* mol'*), F is Faraday’s
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constant (96485 C mol'*), n is the charge of the ion (1 in the case of sodium), T is the 
temperature in K and a is the activity of the ion in solution.
Ion-selective electrodes (ISE) are among the most commonly used electrochemical 
devices because of their simplicity, sensitivity, and high selectivity*®*. Furthermore, they 
can be used for the direct and rapid measurement of various cations, anions, some gases, 
and polyions**®. However, most of the time, ISE instruments are used as comparators 
rather than “absolute” instruments*^**, although most electrodes are largely “Nernstian”-
i.e., their output corresponds to the theoretical equation.
2.10.2.1 Calibration of Ion Selective Electrodes
A calibration curve for the sodium ISE was carried out prior to any titration. In a jacket 
vessel linked to a thermostatic bath to maintain the temperature constant at 298.15 K, de­
ionized water (25 cm^) and ammonium hydroxide (0.25 cm®, 0.1 mol dm'®) as ionic 
strength adjuster were added. Then aliquots of sodium chloride or sodium fluoride (25 pi, 
0.05 mol dm'®) were incrementally added to the vessel and the potentials were recorded 
after stabilisation of the readings. Recorded potentials (mV) were plotted against log 
[Na^j to check if the electi ode followed a Nernstian behaviour .
The sodium concentrations were calculated from eq 2.68 using an excel spread sheet 
developed at the Thermochemistry Laboratory (see Annexe C). The fluoride 
concenti’ation was concluded from the sodium concentration given that fluoride goes with 
the counter ion (Na^) during its sorption by the silica material. Extraction procedures for 
Na’*' and F' were the same as those described below for the extraction of pollutants.
2.10.3 Batch Experiments
2.10.3.1 Preliminary studies and standard procedures
Before optimisation of any parameter, an assessment test was carried out. In a typical 
batch experiment, volumes (1 0  ml) of 1 x 10  ® mol dm ® concentration was placed in a 
glass-stoppered test tube, sealed with niscofilm (to avoid any unwanted evaporation of 
pollutant solutions) and containing 0.1 g of the material to be tested. Then the required 
amount of material was introduced (previously dried) and the mixture was swirled in a 
shaker for a period of 15 minutes and placed in a thermostated bath at the required 
temperature. After equilibrium was obtained the solutions were filtered on a 0.45 pm
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(pore size) membrane filter using a syringe. The initial and equilibrium concentrations of 
the pollutants were measured spectrophotometrically. The UV spectrophotometer Cecil 
8000 series operating between 190 nm and 800 nm at the appropriate wavelength of the 
pollutant (Table 2.2) was used. Atomic Absorption was used for the analytical 
determination of metal cations. The concentrations were evaluated from linear calibration 
curves obeying the Beer-Lambert law (A = elC)*^  ^ in the case of UV as well as AA (see 
Annex B). All experiments were carried out at 298.15 K. The initial pHs of the solution 
containing pollutants without adjustment (except when the effect o f pH was studied) were 
recorded. The removed concentration of the pollutant was obtained from the difference 
between the initial and final concentrations of the pollutant in solution (mol.din®). 
Therefore, the percentage o f removal was calculated by using eq. 2.56.
Vo Extraction- c, TOO (2.56)
In eq. 2.56, c\ and Ceq are the initial and the equilibrium concentrations (mol.dm'®) of 
pollutant in solution, respectively.
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Table 2.2 Chemical formulas and some of the physical properties of the organic 
pollutants used in this study
Pesticide
Structure
Solubility in 
water (mg/l) 
at 293 K
Molecular 
weight (g/mol) pKa
Wave length 
(nm)
o
Cl OH 676 221.04 2.6-B.4 284
2,4-D
Gallic acid
Tannic acid
NaOOC- HO. 
NaOOC.^ ,COONa
Xylenol orange
380
750
2857
510
186.49
170.12
1701.20
760.58
4.24
COOH: 4.5, 
OH: 10.
10
pKai = 1.50 
pKa2 = 2.32 
pKa3 = 2.85 
pKa4 = 6.74 
pKas = 10.56
282
271
276
438
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2.10.3.2 Effect of Solid /liquid ratio on the removal of pollutants from water at 
298.15K
The solid/solution ratio (S/L) was determined for each pollutant by fixing its 
concentration at 10'^ mol.dm'^ and using different amounts of material. A fixed volume 
(1 0  cm^) of the solution containing the pollutant was added to test tubes with different 
amounts of the material ranging from 0.02 to 0.2 g at 298.15 K. The experiments were 
performed at the pH of the suspension without adjustment (pHj). After equilibrium was 
reached the solutions were filtered on a 0.45 pm (pore size) membrane filter using a 
syringe. The initial and equilibrium concentrations of the pollutants were measured 
spectrophotometrically.
2.10.3.3 Effect of equilibration time (kinetics) on the removal of pollutants from 
water at 298.15 K
To evaluate the time required to attain equilibrium, a series of batch experiments were 
performed at 298.15 K and at fixed pH (pH,). Equal volumes (10 cm^) of aqueous
solutions containing the pollutant (~ 10 '  ^ mol.dm'^) were mixed with an accurate weight
of the material (0.05 g -  0.1 g) at different contact times from 10 min to 2 h at 298.15 K. 
After equilibrium was obtained the solutions were filtered on a 0.45 pm (pore size) 
membrane filter using a syringe. The initial and equilibrium concentrations of the 
pollutants were measured using the appropriate method.
2.10.3.4 Effect of the pH of the solution on the removal of pollutants from aqueous 
solution at 298.15 K
The pH effect on the removal process was studied by adding 10 cm^ of known 
concentrations of pollutants (1 x 1 0 "^  mol.dm'^) to tests tubes containing a fixed amount 
of the material (0.05 g). After equilibrium was obtained the solutions were filtered on a
0.45 pm (pore size) membrane filter using a syringe. The initial and equilibrium 
concentiations of the pollutants were measured spectrophotometrically. The stock 
solutions of pollutants were adjusted with hydrochloric acid (HCl) or ammonium 
hydroxide (NH4OH) to the desired pH values ranging from 1 to 10. The pH measurements 
were carried out with a HANNA (pH 213) potentiometer equipped with a glass electrode. 
The electrode was calibrated with two reference solutions at pH 7 and 4.
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2.10.3.5 Calorimetric studies of the removal of pollutants from aqueous solution
The thermal effects from pollutants interacting with AP-HMS material were followed in 
an isoperibolic Tronac 450 calorimeter. A sample of dried hybridized mesoporous silica 
(0,5 g) was used in the calorimetric titration. After stabilization of the calorimetric 
baseline, a solution o f pollutant (gallic acid, tannic acid, xylenol orange, Pb^^, Cd^^ and 
Cu^^) (10'^ - 0.5 mole.dm'^), was gradually added by means of a glass burette (2.0 cm^) to 
the vessel containing the silica suspended in an aqueous solution. In each titration, the 
thermal effect caused by the reaction was recorded after each addition of the pollutant. 
The Q values obtained from the titration of the pollutant into the mesoporous material 
suspension were corrected for the heat of dilution effects by subtracting the corresponding 
Q values obtained from the dilution of the pollutant in water. The resulting Qc values are 
due to the interaction of the pollutants with the mesoporous material.
2.10.3.6 Determination of the uptake capacity of the material towards pollutants
In order to determine the capacity of the material to remove pollutants, batch equilibrium 
experiments were performed. The experimental conditions for organic pollutants were; 
contaminant concentration: from ~ 1.06 x lO'"^  to ~ 2.14 x 10 "^  mol.dm'^, weight of the 
material from 0.05 g to 1 g, equilibration time 12 h, the pHs of solutions were not 
adjusted.
As far as metal cations are concerned the experimental conditions were; weight of 
hybridized material 0.1 g, volume of solution (10 cm^) and equilibration time (12 h). The 
pHs of the initial solutions were found around 3.31 and 3.62 for copper and lead nitrates 
respectively. In order to avoid addition of interfering ions, the batch experiments were 
performed without pH adjustments of solution.
The amount o f pollutant removed q^ q (mmol.g~‘) was determined by the use of eq. 2.57.
(2.57)m
In eq. 2.57, m is the mass (g) of the material and V denotes the volume of solution used, 
(cm^).
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2.10.3.7 Determination of the stability constant of 2,4-D/p-cycIodextrin by the 
solubilisation method
A volume of solution (10 ml) containing different concentrations of yg-CD into the 
appropriate buffer, were poured in sample tubes and 2,4-D was then added to each tube in 
excess, to ensure that a saturated solution of 2,4-D was obtained. Blanks were prepared in 
the same way with the difference that no p-CD was present. The samples were shaken and 
kept in a water bath at 298.15 K for two days. After equilibrium, samples were extracted 
by a syringe and filtered through millipores (0.45 pm) to remove unsolobilized 2,4-D. 
Samples were then diluted to the appropriate volume and analyzed by UV-Vis 
spectrophotometry. The wavelength number for 2,4-D used for UV detection were 283.3 
nm for 2,4-D at pH 1.5 and 284,8 nm at pH 5.2. This procedure was carried out at pH 1.5 
to ensure that all molecules of 2,4-D were not ionized and at pH 5.2 where the ionized 
form is predominant. The pH values were adjusted by using a KH2P0 4 /Na0 H 
(O.IM/O.IM) buffer.
2.10.3.8 Equilibrium Isotherms: Theoiy
Several matliematical models were used in the literature to analyse the distribution of 
pollutants between liquid and solid phase like Langmuir, Freundlich and Redlich-Peterson 
isotherm equations in this thesis only Langmuir (eq. 2.58 and 2.59) and Frendlich (eq. 
2.60 and 2.61) e q u a t i o n s a r e  used because o f their simplicity.
The Langmuir model is described by the equation
~  ^ niax J ^  ^  ^  (2.58)
Rearrangement of eq. 2.58 in its linear form gives eq. 2.59
n^iax m^ax (2.59)(<.><7 Tzma J  ~ e (/
In eq. 2.59, qmax (mmol.g"') or (mg.g’*) is the maximum uptake capacity per unit of mass 
of material after saturation and b (l.mmof^) is the Langmuir constant of the isotherm 
related to the energy of adsorption, while Ceq is the equilibrium concentration (mmol.dm’^ ) 
of the pollutant to be removed.
The Frendlich model is described in eq. 2.60
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(2.60 )
Eq. 2.60 can be linearized in the logarithmic form and Kp and n can be determined from 
the slope and intercept of the Freundlich logarithmic equation (eq. 2.61).
Kj, +^log^, (2.61)
In eq. 2.61, and n are the mono-component Freundlich constants characteristic of the
system. Kp generaly indicates the capacity of the material to remove contaminants and n 
denotes the intensity of the removal.
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3 Results & Discussion
In this section results will be discussed in the following order:
i. NMR characterisation of the calixpyrrole acetamide derivative (CPA) in 
acetonitrile
ii. Solubility data and solution thermodynamics of calixpyrrole acetamide in various 
solvents at 298.15 K.
iii. Conductometric titrations of ion salts with the calixpyrrole derivative (CPA) in 
acetonitrile at 298.15 K.
iv. Thermodynamics of complexation of calixpyrrole acetamide (CPA) with different 
ions in acetonitrile at 298.15 K.
V. Characterisation of hybridised mesoporous silicas by different methods 
(Elemental Analysis, X-ray Diffraction, Sorption of Nitrogen, IR Spectroscopy,
TG-DTA Analysis, MAS NMR analysis).
vi. Uptake of pollutants (pesticides, polyphenols, dyes and metal cations) by 
hybridised mesoporous silicas.
vii. Uptake optimization of pollutants by mesoporous silicas (solid/liquid ratio, 
kinetics of the removal process, pH and temperature effects). Uptake isotherms of 
the various pollutants
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3.1 H NMR characterisation of CPA in deuterated acetonitrile at 
298.15 K
The ‘H NMR spectra, NMR, Dept, HSQC and Cosy of CPA were recorded at 298 K 
in deuterated acetonitrile (CD3CN). Different spectra are given in Figs. 3.1-3.4 
respectively.
3.1.1 ‘h n m r
The ’H NMR spectrum of CPA in CD3CN, shows that this ligand has eight different sets 
of protons. Proton (1) corresponds to the NH of the pyrrole ring. Proton (2) which is 
splited into two singlets is attributed to the p-carbon of the pyrrole rings, this indicates 
that the pyrrole unit has two different environments. Proton (3) corresponds to the methyl 
groups situated at the bridge between the two pyrrole rings. Protons (4) and (5) are 
attributed to the protons o f the benzene rings of the phenoxy groups, proton (4) is more 
deshielded than proton (5) because of the anisotropy of the benzene ring. Proton (6 ) is 
clearly attributed to the methylene group between the oxygen of the phenoxy and the 
carbonyl groups o f the acetamide. The quartet at 3.4 ppm is attributed to the protons of 
the two methyl groups (7 and 7’). These overlap each other because of the closeness to 
the nitrogen atom, while the two methyl protons (8 ) and (8 ’) resonate in two different 
environments because of their different positions vis a vis to the hydrophobic cavity of the 
CPA.
The ’H NMR spectra of CPA in several non-aqueous solvents namely CD3OD, CD3CN, 
dô-acetone, CDCI3, de-DMSO were recorded (Appendix A). The chemical shifts of the 
protons are listed in Table. 3.1.
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Table 3.1 H NMR data for CPA in several non-aqueous deuterated solvents at 298.15 K
- K > Ô (ppm)
^  T H-1 H-2 H-2’ H-3 H-4 H-5 H-6 H-7 H-7’ H-8 H-8’
CD3OD 9.11 5.77 5.76 1.90 7.01 6.89 4.75 3.42 3.42 1.19 1.13
CD3CN 7.99 6.00 5.99 1.83 6.81 6.76 4.68 3.34 3.34 1.20 1.08
dô-Acetone 8.81 6.00 5.99 1.83 6.83 6.82 4.73 3.42 3.40 1.25 1.10
CDCI3 7.65 5.73 5.72 1.95 7.10 6.84 4.66 3.41 3.40 1.26 1.14
dô-DMSO 9.46 5.96 5.95 1.74 6.79 6.77 4.66 3.29 3.22 1.14 1.00
d?-DMF 9.31 6.02 6.01 1.82 6.91 6.82 4.79 3.42 3.42 1.25 1.11
Inspection o f the chemical shifts of the protons for this ligand in several deuterated 
solvents gives a qualitative assessment of the behaviour of this receptor in non-aqueous 
medium. It is clear that the chemical shifts for protons (1), (2), (3), (4) and (5), which 
belong to the skeleton of the phenoxy calixpyrrole are the ones changing significantly in 
comparison to those of the acetamide arm group. An explanation on the basis of the 
properties of the solvent can be adopted only for the chemical shift changes observed in 
proton (I) corresponding to the NH of the pyrrole rings which are pronounced. The most 
significant differences are found in the chemical shifts in dg-DMSO, dy-DMF, de-acetone 
and CD3OD compared to CD3CN and CD3CI. Both solvents, de-DMSO and dv-DMF are 
hydrophilic dipolar aprotic solvents due to the basicity of the oxygen atoms and therefore 
they are able to interact with the NH groups of CPA through hydrogen bond formation. 
The de-acetone is also a dipolar aprotic solvent and may be able to interact through its 
carbonyl functional group with the NH group of the pyrrole ring. CD3OD is a protic 
solvent and as such it is prompt to enter hydrogen bond formation through the OH with 
the NH moiety while CD3CN and CD3CI are unable to enter this kind of interaction. The 
chemical shift changes for the NH proton in the various solvents relative to CDCI3 
follows the sequence,
dô-DMSO > d?-DMF > CD3OD > dg-Acetone > CD3CN > CDCI3
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Fig 3.1 ‘h n m r  o f CPA in CDjCN at 298.15 K
To fully characterize the structure of CPA, further NMR experiments were performed. In 
a first stage, the mono-dimensional (ID) proton and carbon NMR were run in CDCI3. 
Since the ID NMR experiments are insufficient to attribute the protons of the different 
units, NMR-HBBD, NMR-DEPT and HMQC 2 D NMR experiments were 
performed in an attempt to find a correlation between and signals. A comparative 
analysis of NMR-HBBD and NMR-DEPT spectra (Figs. 3.2 and 3.3) helps to 
identify the number of signals attributed to five quaternary carbons (one sp  ^ and four sp^, 
including a carbonyl function at 166.01 ppm and another one integrating two carbons [Ci- 
C4= and C=0]), three methine [(CH)3 sp^ all integrating two carbons each], three 
methylene, one oxygenated and two linked to a nitrogen atom [(CH2)2N(CH2-0 )] and 
three methyl [(CHs)3]. The assignment of the N-H can be made directly from the ^H 
NMR. Consequently the expanded formula [CI-(C=)4-(C0 )-(CH)6-(CH2)2-(CH2-0 )- 
(CH3)3-NH] = C 18H22N2O2 X 4  = C72H88N 8O8 was deduced. This is in accord with the 
elemental analysis. However, the complete assignments, especially in the overlapped 
regions (IH  at 3.35 ppm) had to be made from 2D data. The ^H-^^C correlation (Fig. 3.4) 
was used for the assignment of hydrogens to carbons in a straight forward manner. The
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set o f protons at 3.35 ppm showed correlation with two carbons C-11 (40.56 ppm) and C- 
i r  (39.27 ppm). This indicates clearly that this set of protons integrates the two 
methylene of the acetamide arm group (2 CH2-N). In addition the correlation of C-6  and 
C-1 to H-4 and H-5 benzene ring protons makes the assignment of the pyrrole protons 
easy.
3.1.1.1 NMR-HBBD NMR-DEPT
S o l v e n t
11, 11 '
A c e t o n e
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Fig 3.2 " c  NMR-HBBD of CPA in CDCI3 at 298.15 K
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Fig 3.3 NMR-DEPT spectrum of CPA in CDCI3 at 298.15 K
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Fig 3.4 HMQC NMR of CPA in CDCI3 at 298.15 K
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Having characterised the CPA receptor, solubility measurements were carried out. These 
are discussed in the following section.
3.2 Solubility measurements of CPA and derived standard Gibbs 
energies of solution and their transfer Gibbs energies from 
acetonitrile to other solvents at 298.15 K
Solubility tests were carried out in order to gain information about the effect of the 
solvation of the ligand upon the complexation process. Solubility data of CPA in various 
non aqueous solvents are reported in Table 3.2 at 298.15 K.
Table 3.2 Solubilities, standard Gibbs energies o f solution and transfer Gibbs energies of 
CPA from acetonitrile to other non-aqueous solution at 298.15 K
Solvent Solubility(mol.dm'^) AsG° (kJ.mof^)
AtG°(MeCN—s) 
(kJ.mof^)
MeCN 8.5 xlO"* 11.82 0 .0 0
MeOH 3.77x10’^ 13.84 2 .0 2
EtOH 1.91x10^ 15.52 3.70
Acetone 4.19 x io  ^ 7.86 -3.96
THF 3.17 xlO ^ 8.55 -3.27
DMSO 9.82x10’^ 5.75 -6.07
DMF 2 .6 6 x1 0 '^ 3.28 -8.54
PC 1 .6 8 x1 0 '^ 10.14 -1 .6 8
CH Cb Solvateformation Solvate formation Solvate formation
The data obtained in each solvent are the result of three analytical measurements carried 
out on the same saturated solution. The standard deviations were found to be between lO'"^  
and 3x10'^ mol dm‘^ .
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Solubility is the characteristic physical property referring to the ability of a given 
substance, the solute, to dissolve in a solvent^^^. It is essentially an equilibrium between 
the solid and its saturated solution. This process is represented in eq. 3.1
I  (Sol) L{S) (3.1)
In eq. 3.1, L denotes the ligand while sol. and s refer to the solid and solution 
respectively.
The standard Gibbs energies of solution A^.G°, given in Table 3.1 were calculated from 
the solubility data using eq. 3.2. The data are referred to the standard state of 1 mol dm" .^ 
A^G” values were calculated only when the ligand is not solvated in a given solvent.
A s G = ~ R T L n K (3.2)
In eq.3.2, R is the gas constant, 8.314 J.IC '.m or', T is the absolute temperature, 298.15 K, 
and K is the equilibrium constant, which for a neutral species is equal to the maximum 
concentration o f the ligand (mol.dm'^) in the saturated solution. Since the contribution of 
the lattice energy to the standard solution Gibbs energy is the same, the variation 
observed in AgG® values is due to the difference in solvation of the ligand in different 
solvents.
The transfer Gibbs energies, A,G“ (i'j ^j) were calculated taking acetonitrile as 
reference solvent, S|, and using eq. 3.3,
A,G' (j^ , . , J = A ,G '( : , , ) - A,G ' (.y,) (3.3)
In eq. 3.3 A,G° (j^) and A,G° (a-^ ) denote the standard Gibbs energies of solution in 
MeCN (si, reference solvent) and the destination solvent (sz).
The standard Gibbs energies of transfer presented in Table. 3.2 give a quantitative 
assessment of the differences in solvation of CPA in one solvent relative to the reference 
solvent. A negative value of ~>S2 ) reflects a greater affinity of the receiving
medium to solvate the ligand and vice versa.
Examination of data presented in Table. 3.2 reveals that CPA undergoes a selective 
solvation in these solvents, where A,G® {MeCN —> s) values are significant. These values
are positive in the case of protic solvents (MeOH and EtOH) and negative in the case of 
dipolar aprotic solvents (MeCN, Acetone, THF, DMF, DMSO and PC).
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The solvation behaviour of CPA is completely inverted in the case of its primitive 
version, phenoxy calixpyrrole, where there is more probability to form strong hydrogen 
bonds with the phenol groups.
The positive values o f A,G“ {MeCN s) for this ligand in transfers to MeOH and EtOH 
reflect a lower interaction of this receptor with these solvents relative to acetonitrile.
The trend observed in A,G° values follows the sequence DMF > DMSO > acetone > THF
> PC > MeCN > MeOH > EtOH. This trend is different from that found if AS  values 
from CD3CN to other solvents are considered. The latter follows the same sequence as 
that seen from CDCI3 to other solvents. This is due to the fact that A S  values are referred 
to the interaction of the pyrrolic NH protons of the ligand with the solvent while the A,G“ 
values are referred to the solvation of the whole ligand.
3.3 H  N M R  m easurem ents involving CPA and ions in C D 3CN at 
298 K
^H NMR measurements were used for two main purposes: i) to check if there was 
interaction or not between the ligand and ionic species, ii) to gain information concerning 
the active sites of interaction of the ligand with the ion, so that a computer model for the 
ligand-ion complex could be designed. Complexation studies were carried out in 
acetonitrile.
3.3.1 H NMR measurements o f CPA and anions in CD3CN at 298 K
As described in the Experimental Section, an excess of the corresponding anion salt 
solution (number o f moles of anion salt was ten times the number of moles of the ligand) 
was prepared in the same solvent and added to the NMR tube containing a solution of the 
CPA in CD3CN.
Table 3.3 lists the chemical shift changes (Aô ppm) observed in the ’H NMR spectrum of 
CPA as well as those for their complexes with 
F - ,C r j - ,N O - ,H 2 PO;,HSO~,CF^SO;andSCN- in CD3CN at 298.15 K. The ‘H NMR 
spectra of the free ligand and the CPA-anion complexes in CD3CN at 298.15 K are given 
in Appendix A. Chemical shift changes (Aô, ppm) for each proton with respect to those of 
the free ligand were calculated using eq.3.4 and these are also included in Table 3.3.
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A S F^ree (3.4)
The most substantial changes are observed for the pyrrolic proton (NH) indicating that 
this is the site of interaction between the ligand and the anion in acetonitrile. 
Complexation studies of CPA with different anion salts (as fe/ra-»-butylamonium) in 
CD3CN indicate that this ligand undergoes selective complexation with F~and Cl~. 
Moreover, this receptor does not show any interaction with other spherical anions such as 
BFand r  as well as non spherical anions W k e N O ^ , H S O ^ ^ C F ^ S O ^ a n d  SCN~. 
'H NMR data for CPA and different anions in CD3CN at 298 K are shown in Table 3.3.
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Table 3.3 NMR chemical shift changes observed via the addition of anion salts to 
CPA relative to the free ligand in CD3CN at 298 K
Proton HI H2 H3 H4 H5 H6 H7 H7’ H 8 H8 '
CPA 7.99 6 .0 0 1.83 6.81 6.75 4.68 3.34 3.34 1 ,2 0 1.07
F~ 12.50 5.93 1.77 6.73 6.64 4.59 3.33 3.33 1 .1 0 1.04
AÔ 4.52 -0.07 -0.06 -0.08 -0 .1 1 -0.09 0 .0 0 -0 .0 1 -0 .1 0 -0.04
cr 7.16 5.86 1.81 6.74 6.65 4.59 3.39 3.39 1.14 1.04
AÔ -0.83 -0.14 -0 .0 2 -0.07 -0 .1 0 -0 .1 0 0.05 0.05 -0.06 -0.03
Br~ 7.97 5.98 1.81 6.79 6.75 4.67 3.35 3.35 1.16 1.07
AÔ -0 .0 2 -0 .0 2 -0 .0 2 -0 .0 2 0 .0 0 -0 .0 1 0 .0 1 0 .0 1 -0.03 0 .0 0
r 7.97 5.98 1.82 6.78 6.78 4.67 3.34 3.33 1.18 1.06
A8 -0 .0 2 -0 .0 2 -0 .0 1 -0.03 0.04 -0 .0 1 0 .0 1 -0 .0 1 -0 .0 2 -0 .0 1
no; 7.99 5.96 1.80 6.76 6.76 4.65 3.38 3.38 1.18 1.06
AÔ 0 .0 0 -0.04 -0.03 -0.05 0 .0 1 -0.03 0.04 0.04 -0 .0 2 -0 .0 1
7.99 6 .0 0 1.83 6.83 6.78 4.68 3.36 3.32 1 .2 0 1.07
AÔ 0 ,0 0 0 .0 0 0 .0 0 0 .0 2 0.04 0 .0 0 0 .0 2 -0 .0 2 0 .0 0 0 .0 0
AS'o; 7.97 5.99 1.62 6.76 6.81 4.67 3.34 3.34 1 .2 0 1.08
AS -0 .0 2 -0 .0 1 -0 .2 1 -0.05 0.06 -0 .0 1 0 .0 0 0 .0 0 0 .0 0 0 .0 0
7.99 6 .0 0 1.84 6.77 6.82 4.69 3.34 3.34 1 .2 0 1.08
AS 0 .0 0 0 .0 0 0 .0 1 -0.05 0.07 0 .0 1 0 .0 0 0 .0 0 0 .0 1 0 .0 1
SCN~ 8 .0 1 5.99 1.83 6.76 6.81 4.69 3.35 3.35 1 .2 0 1.11
AS 0 .0 2 -0 .0 1 0 .0 0 -0.05 0.06 0 .0 1 0 .0 1 0 .0 1 0 .0 1 0.03
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3.3.2 H NMR measurements of CPA and alkali metal cations in CD3CN at 
298 K
Table 3.4 lists the chemical shift changes (AÔ ppm) observed in the 'H NMR spectrum of 
CPA by the addition of alkali metal cations (Li^, Na"^ , Rb^ and Cs^) as perchlorates in 
CD3CN at 298 K. The *H NMR spectrum of the free and the metal-cation complexes of 
CPA in CD3CN at 298 K are presented in Appendix A. Chemical shift changes (AS, ppm) 
for each proton with respect to those of the free ligand were calculated using eq.3.4.
As previously discussed for CPA anion interactions, significant changes in the chemical 
shifts of the N-H protons of CPA receptor are only observed in the case of Li^ and Na""" 
suggesting that these are the sites of interaction between this ligand and these cations in 
CD3CN. Highfield chemical shift changes observed for N-H (-0.23 and -0.17 ppm for L f  
and Na"*" respectively) result from the electropositive character of these elements which is 
reflected by a reduction of the electron density in the pyrrolic rings by donation of the 
nitrogen lone pair of electrons to the cation.
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Table 3.4 'H  NMR chemical shift changes observed via the addition of alkali metal 
cation salts to CPA relative to the free ligand in C D 3C N  at 298 K
Proton H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-7' H -8 H-8 '
^Ref 6 .0 0 1.83 6.75 6.81 4.68 3.34 3,34 1 2 0 1.07
L r 7.76 5.96 1,78 6.77 6.89 4.69 3.34 3.29 1.13 1.05
AÔ -0.23 -0.05 -0.05 0 .0 2 0.07 0 .0 1 0 .0 0 -0.05 -0.07 -0.03
Na"" 7 ^2 1.83 6.78 6.89 4.65 3.33 333 1.15 1.07
AÔ -0.17 -0 .0 1 0 .0 0 0.04 0.07 -0.03 0 .0 0 -0 .0 1 -0.04 -0 .0 1
r 7.98 6.06 1.83 6.77 6.82 4.68 3.35 335 1 .2 0 1.07
AÔ -0 .0 1 0.06 0 .0 0 0.03 0 .0 1 0 .0 0 0 .0 1 0 .0 1 0 .0 0 0 .0 0
Rb"" 7.98 6 .0 0 1.83 6.75 6.81 4.68 3.34 3.34 1 .2 0 1.07
AÔ -0 .0 1 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Cs+ 7.97 6 .0 1 1.83 6.77 642 4.69 333 3.33 1.21 1.08
A5 -0 .0 2 0 .0 1 0 .0 0 0 .0 2 0 .0 0 0 .0 1 -0 .0 1 -0 .0 1 0 .0 1 0 .0 1
3.3.3 H NM R measurements of CPA and alkaline earth-metal cations in 
CD3CN at 298 K
Table 3.5 lists the chemical shift changes (Aô ppm) observed in the *H NMR spectrum of 
CPA by the addition o f alkaline-earth metal cations (Mg^^, Ca^^, Sr^ "^  and Ba^^) as 
perchlorates in CD3CN at 298 K. The NMR spectra of the free and the metal-cation 
complexes of CPA in CD3CN at 298.15 K are presented in Appendix A. Chemical shift 
changes (Aô, ppm) for each proton with respect to those of the free ligand were calculated 
using eq.3.4. Chemical shift changes were also observed when Mg^ "^ , Ca^\ Sr^ "^  and Ba^^ 
salts were added to CPA in CD3CN The most significant changes are observed for the 
pyrrolic protons, H-1 and H-2 as well as the protons of the bridge H-3, indicating that the 
nitrogen atoms of the pyrrolic rings provide the sites of interaction of this ligand with the 
alkaline earth metal cations in CD3CN.
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Table 3.5 NMR chemical shift changes observed via the addition of alkaline-earth 
metal cation salts to CPA relative to the free ligand in C D 3C N  at 298 K
Proton H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-7' H-8 H-8'
ÔRef 7.99 6.00 1.83 6.75 6.81 4.68 3.34 3.34 1.20 1.07
Mg"+ 7.84 5.84 1.80 642 646 . . . . 336 3.32 1.10 1.04
AÔ -0.15 -0.16 -0.03 0.08 0.14 . . . . 0.02 -0.02 -0.10 -0.03
7.95 5.84 1.85 649 6.97 4.72 3.41 3.37 1.16 1.09
AÔ -0.04 -0,16 0.02 0.15 0.16 0.04 0.07 0.03 -0.04 0.01
Sr^+ 7.93 5.83 1.81 6.84 6.96 444 3.35 3.35 1.11 1.05
AÔ -0.06 -0.17 -0.02 0.10 0.15 0.00 0.01 0.01 -0.08 -0.02
Ba"+ 7.89 5.86 1.80 6.81 6.94 4.64 3.34 3.31 1.10 1.04
AÔ -0.09 -0.14 -0.03 0.06 0.13 -0.04 0.01 -0.03 -0.10 -0.04
3.3.4 H NMR measurements of CPA and transition and heavy metal 
cations in CD3CN at 298 K
It should be noted that the most remarkable changes observed upon addition of Pb^^, Cd^^ 
and Hg^’*' to the solution of CPA are those for the pyrrolic protons H-1 and H-2. 
Therefore, it can be concluded that the nitrogen atoms are involved in the complexation. 
Furthermore in the case of mercury, the acetamide protons H-7 and H-8 are affected. 
These findings indicate that the interaction of these cations with CPA is taking place in 
two main sites; the pyrrolic N-H and the acetamide 0  = 0  functionalities. While the 
addition of Ag"^  leads to small changes in the spectrum relative to that o f the free ligand as 
shown in Table 3.6.
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Table 3.6 'H  NMR chemical shift changes observed via the addition of heavy and 
transition metal cation salts to CPA relative to the free ligand in CD3CN at 298 K
Proton H-1 H-2 H-3 H-4 H-5 H -6  H-7 H-7' H-8
ÔRef 7.99 6.00 1.83 6.75 6.81 4.68 3.34 3.34 1.20
Ag^ 7.92 5.96 1.78 6.72 6.75 4.60 3.28 3.28 1.13
AÔ -0.07 -0.04 -0.05 -0.03 -0.06 -0.08 -0.05 -0.06 -0.06
Pb^+ 7.58 5.88 1.76 6.71 7.02 4.88 3.37 3.31 1.09
AÔ -0.41 -0.12 -0.07 -0.04 0.21 0.20 0.04 -0.03 -0.10
Cd^+ 7.83 5.82 1.73 6.76 6.87 .......  3.29 3.29 1.09
AÔ -0.16 -0.18 -0.10 0.01 0.06 .......  -0.05 -0.05 -0.11
Hg^^ 7.85 6.05 1.85 6.84 6.83 4.84 3.48 3.48 1.27
AÔ -0.13 0.04 0.02 0.03 0.06 0.16 0.14 0.16 0.07
H-8'
1.07
1.03
-0.05
1.05
- 0.02
1.01
-0.06
1.20
0.13
3.3.5 H NMR measurements of CPA and lanthanide metal cations in 
CD3CN at 298 K
*H NMR measurements involving CPA and lanthanide metal cations (Lu^^, Sm^^, Yt^  ^
and Sc^^) as trifluoromethanesulfonates (no interaction was found between this anion and 
CPA in this solvent as shown by *H NMR) in CD3CN were conducted in order to 
determine their contribution to the calixpyrrole framework and to assist with a detailed 
investigation of the cation-macrocycle complexation process. Table 3.7 lists the chemical 
shift changes (AÔ ppm) observed in the ^H NMR spectrum of CPA by the addition of 
lanthanide metal cations and the *H NMR spectra at 298 K are presented in Appendix A. 
These changes in CD3CN indicate that both, the pyrrolic N and the acetamide arm group 
provide the sites of interaction with lanthanide metal cations.
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Table 3.7 NMR chemical shift changes observed via the addition of lanthanide metal 
cation salts to CPA relative to the free ligand in CD3CN at 298 K
Proton H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-7' H-8 H-8 '
ÔRef 7.99 6 .0 0 1.83 6.75 6.81 4.68 3.34 3.34 1 .2 0 1.07
Lu '^" 8 .0 0 . .  ♦ . 7.02 7.11 4.91 348 3.52 1.15 1.15
AÔ -0 .0 1 . . . . -0 .2 0 -0.34 -0.23 -0.05 -0.18 0,05 -0.07
7.69 » . . . 1.80 6.61 6.73 4.89 3.63 344 1.33 1.40
AÔ 0.29 0.03 0 .2 1 0.04 -0 .2 1 -0.29 -0.31 -0.13 -0.32
Y t3 + 7.94 5.86 1.90 6.97 7.06 4.85 3.41 3.53 1.16 1 .2 0
AÔ 0.04 0.14 -0.06 -0.15 -0.29 -0.17 -0.07 -0.19 0.03 -0 .1 2
Sc3+ 7.86 6 .0 1 1.87 6.89 6.95 4.88 343 3.64 1.18 1.27
AÔ 0.13 -0 .0 1 -0.03 -0.07 -0.17 -0.19 -0.19 -0.30 0 .0 2 -0.19
In an attempt to assess further the interaction of CPA with the fluoride anion and the 
mercury cation in CD3CN, NMR titrations were carried out. Three solvents, CD3CN, 
dô-DMSO and d?-DMF were considered for fluoride while the NMR study for CPA 
and Hg^^ was only limited to CD3CN.
3.3.6 NMR titration of CPA with fluoride in CD3CN, dg-DMSO and d?- 
DMF at 298 K
In an effort to study the conformational properties of the CPA in solution, NMR 
studies of CPA were carried out in CD3CN solution in the absence and in the presence of 
the fluoride anion. Volumes of BU4NF were added to the solution of CPA. The 
stoichiometry of complexation was determined from the plots of the integrals of the most 
significant changes observed for the protons (H-1, H-2, H-3, H-4, H-5 and H-6 ) of the 
complex of CPA and fluoride. This is given in Fig. 3.5. The *H NMR spectra of the free 
and the CPA-F complex at two different concentrations of fluoride (0.5 and 1 mole) with 
CPA in CD3CN are presented in Fig. 3.6.
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The H NMR spectrum (CD3CN, 300 MHz, 298 K) of the CPA receptor (Fig. 3.6) shows 
one broad singlet at 7.98 ppm integrating 4H, which is assigned to the four chemically 
equivalent NH protons’ resonance. Addition of 0.5 equiv of TBAF to a solution of the 
receptor CPA leads to an equilibrium favoring the ‘cone-like’ conformation via formation 
of the 1:1 CPA-fluoride complex. The conformational change of the receptor can easily 
be observed in the NMR spectrum, where two different signals are observed for the 
NH protons, one at 7.98 ppm, corresponding to the uncomplexd receptor CPA, and the 
other at 12.00 ppm, corresponding to the fluoride complex (CPA-F). This finding is taken 
as evidence that the exchange between the complexed and uncomplexd species is slow on 
the ^H NMR timescale. After addition of 1.0 equiv of TBAF, only the signals at 12 and
12.5 ppm, corresponding to the complexed receptor (CPA-F"), is observed in the ^H 
NMR spectrum under these conditions. This is expected for a complex where the fluoride 
anion is bound very tightly to CPA. A most likely cause for the splitting of the pyrrole 
NH resonance was considered to be the coupling between the NH protons and the ^^ F 
nucleus of the bonded fluoride anion. The coupling constant was found to be 49.5 Hz in 
agreement with that reported in the literature^^.
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Fig 3.5 H NMR titration of CPA with the fluoride salt in C D 3C N  at 298 K
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Fig 3.6 Partial NMR (CD3CN, 300 MHz) spectra showing the shift of the NH proton 
upon the addition of TBAF, (a) CPA receptor, (b) 0.5 eq of TBAF, (c) 1 eq TBAF at 298 
K
^H NMR titrations involving CPA and F‘ in de-DMSO and d?-DMF were also conducted 
in order to determine the effect of the solvent on the complexation of the fluoride anion 
with CPA. The results obtained from the ^H NMR titration in these two solvents clearly 
indicate that CPA is interacting with the fluoride anion with a 2:1 CPA/F' stoichioimetry 
in the case of de-DMSO (Fig. 3.7) and a 1:1 CPA/F' composition in the case of d?-DMF 
(Fig. 3.8). A most likely explanation for this finding, is the dipolar character of de-DMSO 
that may help the ligand to form a dimeric capsule sustained by two solvent molecules 
attached to the pyrrole rings. The other pyrrolic rings that are not participating in the 
process of holding the capsule serve as sites of interaction to the fluoride anions. The 
cartoon drawing in Scheme 3.1 shows two CPA units assembling in one capsule held by 
two dg-DMSO solvent molecules in order to provide a hosting environment for the 
fluoride anion.
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Fig 3.7 NMR titration of CPA with the fluoride salt in de-DMSO at 298 K
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Fig 3,8 H NMR titration of CPA with the fluoride salt in d?-DMF at 298 K
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Fluoiide anion
Solvent molecule 
o f DMSO
Scheme 3.1 Two units of CPA assemble to provide a host capsule for the fluoride anion. 
Two solvent molecules provide the hydrogen bonds that hold the capsule together
The 'H NMR spectra of CPA before and after complexation with the fluoride anion in de- 
DMSO and dy-DMF are presented in Figs. 3.9 and 3.10 respectively. Both Figs. show 
broad singlets at 9.46 and 9.31 ppm in de-DMSO and d?-DMF respectively corresponding 
to the 4H of the N-H pyrrolic ring. Addition of 1 equiv of TBAF to the solution of the 
CPA receptor leads to the formation of a 1:1 C PA -F complex in DMF and 2:1 CPA -F 
complex in da-DMSO. The two different signals observed for the NH protons at 9.41 and 
9.31 ppm, corresponding to the uncomplexd receptor CPA in dô-DMSO and d?-DMF 
respectively, and the others at 12.5 ppm, corresponding to the fluoride complex (CPA-F ) 
is an evidence of the existence of both, the uncomplexd and the complexd CPA with the 
fluoride anion. The remaining peaks at 9.41 and 9.31 ppm is an evidence of the 
participation of the solvent molecules in the case of de-DMSO as suggested in the 
structure of the capsule complex of CPA with this anion (Scheme 3.1).
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Fig 3.9 Partial ^H NMR (de-DMSO, 300 MHz) spectra showing the shift of the NH 
proton upon the addition of TBAF, (a) CPA receptor, (b) 0.5 eq of TBAF, (c) 1 eq TBAF 
at 298 K
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Fig 3.10 Partial *H NMR (d?-DMF, 300 MHz) spectra showing the shift of the NH proton 
upon the addition o f TBAF, (a) CPA receptor, (b) 0.5 eq of TBAF, (c) 1 eq TBAF at 298 
K
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3.3.6.1 H  NMR titration of CPA with the m ercuiy cation salt in CD3CN
For the investigation of the complexation of Hg^^ and CPA in CD3CN, ’H NMR titrations 
were conducted. Thus CPA was titrated with mercury (II) perchlorate in CD3CN at 298 
K. Chemical shift changes with respect to the free ligand in CD3CN are reported as a 
function of Hg^VCPA mole ratio (Fig, 3.11), The most significant chemical shift changes 
are observed for the methylene protons (H-6 , H-7 and H-7’) between the oxygen and the 
carbonyl moiety of the acetamide arm group and the one next to the nitrogen atom. The 
changes observed in the methyl terminal group of the acetamide arms (H-8  and H-8 ’) and 
in the aromatic protons of the pyrrole (H-2) as well as in the protons of the phenoxy 
groups (H-4 and H-5) are less significant. On the other hand, significant downfield 
chemical shifts are observed for the N-H protons of the pyrrole rings. Insignificant 
changes are observed in the methyl bridges (H-3) between the two pyrroles indicating that 
the chemical environment of these protons is not affected by the complexation of CPA 
and Hg^^ in MeCN. These results show that the exchange between the complexed and the 
uncomplexd species is fast on the ^H NMR timescale. Furthermore these findings suggest 
that the sites of interaction of Hg (II) with CPA are the oxygen atoms of the carbonyl 
group in the acetamide pendant arms. Inspection of Fig. 3.11 shows that a complex 2:1 
(Hg^ :CPA) stoichiometry is formed.
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Fig 3.11 H NMR titration of CPA with mercury salt (as perchlorate) in C D 3C N  at 298 K
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To assess whether the N-H moieties of the pyrrole rings are participating in the 
complexation process of mercury by CPA in acetonotrile, complexation studies on the 
parent calix[4]pyrrole (1) and the mercury (II) cation were carried out in acetonotrile and 
this is now discussed.
3.3.6.2 H NMR titration of 1 with m ercury (11) cation salt in CD3CN at 298 K
Receptor 1 was prepared following the procedure described by Shehab®'. NMR studies 
on the interaction of 1 with the mercury (II) cation in acetonitrile were conducted in 
CD3CN (Appendix A). It was not possible to trace the chemical shifts of any of the 
protons of 1 because the reaction of mercury (II) with 1 was slow in the NMR time scale. ' 
Throughout the titration, integrals of the N-H protons of both, the complexed and the 
uncomplexed 1 were monitored. Significant changes in their intensities were observed 
when Hg^^ was added to 1 in CD3CN. Changes observed in integrals were plotted against 
the Hg^^rl concentration ratio. Fig. 3.12 shows that an interaction is taking place in the 
vicinity of the N-H of the pyrrolic rings; suggesting that the nitrogen atoms of the pyrrole 
rings provide four coordination sites to the mercuiy (II) cation since the latter is known to 
form complexes of low coordination numbers. Integral plotting of both, complexd and 
uncomplexd 1 meet at the 1:1 (metal: ligand) stoichiometry. The N-H protons ceased to 
change after a stiochiometry of 1:1 (Hg^^:l) was reached suggesting the formation of a 
1:1  complex with 1 .
3.0
o N-H [CPl-Hg^^I 
A N-H CPI2.5 -
2.0-
1.5 -
s
t
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0.0  -
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(Hg""]/|CPl]
Fig 3.12 ^H NMR titration o f 1 with the mercury salt (as perchlorate) in CD3CN at 298 K
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This finding confirms as far as CPA is concerned that throughout its titration one of the 
mercury cations is being targeted by the pyrrole groups while the other is interacting with 
the carbonyl oxygens of the amide pendant arms. Thus addition of the mercury salt 
showed that, the chemical shifts for all the CPA protons keep changing until a complex 
1:2 stiochiometry is formed.
Having established the sites of interaction for both receptors 1 and CPA with the mercury 
(II) cation, molecular modelling (using Hyper-Chem Lite computer program) was carried 
out in order to find the geometry of lowest energy for these two systems (Fig. 3.13). The 
initial forms of the free ligands used in these studies were model-built according to the 
structures observed in the solid state obtained by X-ray diffraction studies on the free 
ligand^*. One mercury atom was introduced in the absence of a counter ion inside the 
cavity of each ligand. Simulations were performed with the 1,3-alternate “cone” 
conformation for 1 and a deep cavity structure for CPA (phenoxy groups in aaaa 
positions). The lowest energy values obtained by minimization were 211.9 kJ mol*' and 
572.9 kJ mol*' respectively. These structures are more stable than the reference structures 
of 1 and CPA with one molecule of acetonitrile (410 and 727.5 kJ mol"' for 1 and CPA 
respectively)
(a) (b)
Fig 3.13 (a) Top view of structural modelling of Hg^^-1 complex and (b) side view of 
structural modeling Hg^^-I complex ( #  = C; •  = O ;#  = N; H atoms are not shown)
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In an attempt to test the ability of this receptor to interact simultaneously with mercury 
and fluoride, the binding properties of CPA with mercury were examined by 'H NMR 
titration experiments in C D 3C N  in the absence (Fig. 3.14a) and in the presence of fluoride 
(Fig. 3.14b).
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Fig 3.14 'H NMR (a), chemical shift changes of NH protons of CPA titrated with Hg^ "*", 
(b) integrals of NH protons of 1:1 CPA/F" complex titrated with Hg^^ in C D 3C N  at 298 K
From the results of this experiment the following comments can be made:
The addition of 1 equivalent of tetra-«-butylammonium fluoride (TBAF) to CPA caused a 
remarkable downfield shift of the NH protons and an upfield shift o f the remaining 
protons (H-2; H-3; H-4,5; H-6, H-7,7’ and H-8,8’) of CPA. Further addition of TBAF 
does not make any remarkable change in the chemical shifts of the protons, suggesting the 
formation of a 1:1 receptor-F" complex. In the first three addition of Hg on the CPA/F" 
(1:1) complex there is a substantial upfield chemical shift change of the NH protons of the 
complex (~ 3.6 ppm). Inspection of Fig. 3.14 (a), shows that a complex 2:1 (Hg^^: CPA) 
is obtained. The break observed in Fig. 3.14 (b) at Hg^^/CPA = 0.5 indicates that 2 units 
of CPA complexed with F" interacts with 1 metal cation. These may be the result of an 
exchange between the two tetra-M-butylammonium cations (counter ions) and the bivalent 
mercury (II) cation. It is reasonable to assume that ion-ion interactions are stronger than 
ion dipole interactions. Therefore Hg^^ will be more attracted by the fluoride complex
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than by the donor atoms of the acetamide group and this is explained by the stoichiometry 
of the process.
In order to gain further information regarding the composition o f the complexes 
conductance measurements were performed and these are now discussed.
3.4 Conductometric Measurements
Conductometry is a technique which assesses the behaviour of electrolytes in solution. It 
has been extensively used for the determination of the composition of complexes in 
different media '^'®. Conductometric titration curves are obtained by plotting the limiting 
molar conductance as a function of the ligand/ion salt ratio. The curves consist of linear 
regions prior to and after the end point. The two linear portions are extrapolated to their 
point of intersection (end point) to establish the composition of the complex. Prior to 
conductance titrations, the constant of the conductance cell was determined.
3.4.1 Determination of the cell constant
To measure the cell constant 0, specific conductivities of KCl, at various concentrations, 
were carried out. Different conductometric parameters used to determine the cell constant 
are given as follow;
Initial volume in the cell=50 w/
[ÆC/] 0.\ mol.dm Concentration of KCl
r = 0.034 W.J '
S
A _xC
Burette delivery rate
Volume accumulated after each 
addition
Siemens
0 1000x6" 
.2  1-1 \ ^  /  1
(3 .5)
In eq. 3.5, A,„ (S cm mol' ), C (mol dm' ) denote respectively the molar conductance and 
the concentration of KCl solution.
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Table 3.8 Conductance data against the concentration of KCl in water at 298.15 K for 
the calculation of the cell constant
Time (s) Vacc(ml) [KCl] 7c{ür^cm .mol 1 ©(c7?r' )
37 0.34 6.75 X 10'^ 8.88 X 10'^ 146.93 1 .1 2
30 0.44 8.76 X 10'^ 1.22x10''^ 146.59 1.06
30 1.17 2.29 X 10"^ 3.48 X 10"^ 144.91 0.95
30 1.27 2.49 X 10'^ 3 .74x10’'' 144.73 0.96
30 1.37 2.68 X 10'^ 4.06 X  10’" 144.56 0.95
31 1.48 2.88 X 10'^ 4.38x10"" 144.40 0.95
30 1.58 3.07x10'^ 4.64 X  10"" 144.24 0.95
29 1.68 3.26x10'^ 4.95 X 10"" 144.10 0.95
31 1.78 3.45 x 10'^ 5.26 X 1 0 " 143.95 0.94
29 1.88 3.64x10'^ 5.52x10"" 143.81 0.95
From the data presented in Table 3.8, the average value of the cell constant was 
calculated, 0 = 1.00 ± 0.08 This is in good agreement with the value given by the 
Supplier.
Having determined the cell constant, conductometric titrations of a series of anion and 
cation salts with CPA in acetonitrile were carried out and the results obtained are now 
discussed.
3.4.2 Conductometric titration of anions as /e^m-n-butylammonium salts 
with CPA in acetonitrile at 298.15 K
As determined from 'H  NMR titration among all anions, CPA interacts with the fluoride 
and the chloride ions in CD3CN. Figs 3.15-3.17 show the results obtained from the 
conductometric titration experiments for the F~,Cl~andHSO^ anions and CPA in 
acetonitrile at 298.15 K. The latter is used as a non spherical anion just to check if
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conductance measurements reflect any interaction of CPA with this type of anions in this 
solvent.
The conductometric titration curve of F “with CPA given in Fig. 3.15 shows that the 
value observed at zero ligand concentration {CPA/F~ = 0 )Is within the value expected 
from A" (-140-155 S.cm^.mor^Ÿ^^^\ Then the molar conductance decreases as the
titration proceeds indicating the conversion of the free F~ anion into the complex where 
the size of the latter is larger than that for the former. Hence the mobility decreases. After 
the end point, the molar conductance remained constant indicating that all anions in this 
medium have been consumed and only the complex is conducting. The slight change 
observed in the conductance after the end point is due to dilution effects.
It can be observed that the conductometric curve is a result of the combination of two 
linear segments with a well-defined change in the curvature at the stoichiometry of the 
reaction i.e 1:1. This suggests the formation of a relatively strong complex.
The conductometric curve of CPA with chloride (Fig. 3.16) does not show significant 
changes in the curvature suggesting that the interaction of this ligand with the chloride 
anion is very weak in this solvent. This corroborates the smaller chemical shift change 
(A(5=~0.83 ppm) relative to fluoride found for the pyrrolic N-H protons of the ligand 
after the addition of teP*fl-«-butylammonium chloride salt to a solution of CPA in 
CD3CN.
No changes in the molar conductances were observed by the addition of CPA to tetra-n- 
butylammonium salts containing HSO^ÇPig. 3.17),
r ,N O ^ ,H 2 PO^,ClO^,CF^SO^andSCN~ anions (Appendix B). This suggests the 
absence of interactions between this ligand and these anions in this solvent.
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Fig 3.15 Conductometric curve for the titration of fluoride with CPA in acetonitrile at
298.15 K
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Fig 3.16 Conductometric curve for the titration of chloride with CPA in acetonitrile at
298.15 K
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Fig 3.17 Conductometric curve for the titration of hydrogen sulfate with CPA in 
acetonitrile at 298.15 K
3.4.3 Conductometric titration of alkali, alkaline-earth and heavy metal 
cations as perchlorate salts with CPA in acetonitrile
With the aim of establishing the composition of the metal-ion complex in acetonitrile, 
conductometric titrations involving CPA and metal cations were carried out at 298.15 K.
A plot of molar conductance against the LiVCPA concentration ratio in acetonitrile at
298.15 K (Fig. 3.18) revealed the following features. The conductance titration curve of 
Li^ by CPA in acetonitrile shows a decrease in the molar conductance of the complex 
throughout the titration, until the ligand /metal cation concentration ratio reaches 1:1. This 
was followed by very small or no variation in conductance upon increasing the ratio. The 
decrease in molar conductance is attributed to the lower mobility of the Li^-CPA complex 
relative to the free Li^ cation. Changes in conductometric titration of this metal cation and 
CPA clearly demonstrated that the curve results from the combination of two linear 
segments with a change in the ciuvature at the reaction stoichiometry of 1:1 (L^: CPA). 
This finding suggests the formation of a complex of moderate stability with one molecule 
of the ligand complexing one unit of Li’*' cation in acetonitrile at 298.15 K.
The conductometric curve of CPA with sodium (Fig. 3.19) does not show significant 
changes in the curvature suggesting that the interaction of this ligand with the sodium
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cation is very weak in this solvent. This corroborates the small chemical shift change 
{h S = ~ ^ ,\lp p m )  observed for the pyrrolic N-H protons o f the ligand after the addition 
of the sodium perchlorate salt to a solution of CPA in C D 3C N .
No changes in the molar conductances were observed by the addition of CPA to 
perchlorate salts containing andCs"" cations (Appendix B), This suggests the
absence of interactions between this ligand and these cations in this solvent.
140.0
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Fig 3.18 Conductometric curve for the titration of lithium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
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Fig 3.19 Conductometric curve for the titration of sodium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
167
Chaptre.3 Results & discussions
As far as alkaline-earth metal cations are concerned, conductometric titration curves of 
Ca^^, Sr^ "^  and Ba^^ with CPA in acetonitrile at 298.15 K are shown in Figs 3.20- 
3.23, respectively.
The conductometric titration curves for the cations and CPA show that interaction takes 
place between CPA and Ca^^, Sr^’*' and Ba^^. The continuous variation in the molar 
conductance with increasing M^VCPA concentration ratio suggests the formation of 
complexes of moderate stability in acetonitrile. Extrapolation at low and high ligand: 
metal cation ratio gives an intersection corresponding to complexes of 1:1 stoichiometry. 
The decrease in conductivity observed is expected to be due to the formation of a larger 
size cation (complex) relative to the fi*ee cation.
The curve observed for magnesium perchlorate shows small variations in the molar 
conductance throughout the course of the titration suggesting the formation of a veiy 
weak complex. Indeed Fig. 3.20 demonstrates that there is not any significant break point 
at any stoichiometry. Therefore, no stoichiometry was obtained from conductance 
measurements in acetonitrile for Mg^ "^  and CPA.
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Fig 3.20 Conductometric curve for the titration of magnesium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
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Fig 3.21 Conductometric curve for the titration of calcium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
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Fig 3.22 Conductometric curve for the titration of strontium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
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Fig 3,23 Conductometric curve for the titration of barium (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
Plots of molar conductance against the ligand/metal cation concentration ratio for CPA 
with Cd^^, Hg^^, Pb^^, Zn^ "^  and Co^^ in acetonitrile at 298.15 K revealed the following 
features. The conductance titration curves of Cd^ "*", and Pb^^ with CPA given in Figs 
3.24-3.26 show a decrease in the molar conductance of the complex throughout the 
titration until the ligand /metal cation concentration ratio reaches a 1:2 stoichiometry for 
mercury and 1:1 for cadmium, lead and cobalt. This was followed by a very small or no 
variation in conductance upon increasing the ratio ligand/metal. The decrease in molar 
conductance is attributed to the lower mobility of the metal ion complex relative to the 
free cation, while the increase in the molar conductance in the titration of cobalt may be 
due to (i) higher mobility of the Co^’^ :CPA relative to the free Co^^. (ii) or to some ion- 
pair formation for the free salt. The latter is more likely to occur than the former. As the 
complex is formed, ion-pair formation decreases due to the formation of large cation 
(charge density decreases) with the anion. Changes in the conductance titration curve of 
these metal cations and CPA clearly demonstrated that these curves result from the 
combination of two linear segments with a well-defined change in the curvature of the 
reaction at 1:2 (ligand: metal cation) stoichiometry in the case of mercury and 1:1 
stoichiometry for cadmium, lead and cobalt complexes. These findings suggest the 
formation of moderately stable complexes in acetonitrile.
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The slopes of the curvatures are slowly changing during the course of the titration of Zn^^ 
(Fig. 3.27), and Ni^ "^  (Appendix B), In both cases, it was difficult to find a point at which 
the curve would show a break. On the other hand, the molar conductance kept decreasing 
and the stoichiometry of the reaction could not be defined. This finding suggests that 
weak or no interaction is occurring between these two metal cations and CPA in 
acetonitrile.
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Fig 3.24 Conductometric curve for the titration of cadmium (perchlorate as counter ion) 
with CPA in acetonitrile at 298,15 K
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Fig 3.25 Conductometric curve for the titration of mercury (perchlorate as counter ion) 
with CPA in acetonitrile at 298.15 K
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Fig 3.26 Conductometric curve for the titration o f lead (perchlorate as counter ion) with 
CPA in acetonitrile at 298.15 K
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Fig 3.27 Conductometric curve for the titration of zinc (perchlorate as counter ion) with 
CPA in acetoniti'ile at 298.15 K
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Fig 3.28 Conductometric curve for the titration of cobalt (perchlorate as counter ion) with 
CPA in acetonitrile at 298.15 K
Following the results obtained in the NMR titrations involving lanthanide cations and 
CPA in CD3CN, conductance measurements in acetonitrile were carried out in order to 
determine the composition of ionic complexes and to gain semi-quantitative information
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regarding the strength of complexation of these cations with CPA in acetonitrile at 298.15 
K. These results aie discussed in the following section.
3.4.4 Conductometric titration o f lanthanides as trifluoromethanesulfonate 
salt with CPA in acetonitrile
Conductometric titration studies in MeCN at 298.15 K for CPA were performed with the 
following lanthanides cations; Pr^ '*', Sm^^, Eu^^, Gd^ '*', Tb^^, Er^ "^ , Ho^^, Lu^ '*'.
These metal cations were chosen to represent the whole Ln^^ series. The corresponding 
conductometric titration curves for the complexation of these lanthanides cations with 
CPA in acetonitrile are shown in Figs.3.29-3.39.
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Fig.3.29 Conductometric curve for the titration o f praseodymium 
(trifluoromethanesulfonate as counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.30 Conductometric curve for the titration of neodymium (trifluoromethanesulfonate 
as counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.31 Conductometric curve for the titration of samarium (trifluoromethanesulfonate 
as counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.32 Conductometric curve for the titration of europium (trifluoromethanesulfonate as 
counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.33 Conductometric curve for the titration of gadolinium (trifluoromethanesulfonate 
as counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.34 Conductometric curve for the titration of terbium (trifluoromethanesulfonate as 
counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.35 Conductometric curve for the titration of holmium (trifluoromethanesulfonate as 
counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.36 Conductometric curve for the titration of erbium (trifluoromethanesulfonate as 
counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3,37 Conductometric curve for the titration of ytterbium (trifluoromethanesulfonate 
as counter ion) with CPA in acetonitrile at 298.15 K
178
Chaptre.3 Results & discussions
290
285 "
280 "
I 275 ”
270 "
265 ■
260 0.0 0.5 1.0 1.5 2.0[CPAl/[Lun
Fig 3,38 Conductometric curve for the titration of lutetium (trifluoromethanesulfonate as 
counter ion) with CPA in acetonitrile at 298.15 K
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Fig 3.39 Conductometric curve for the titration of scandium (trifluoromethanesulfonate 
as counter ion) with CPA in acetonitrile at 298.15 K
A quick inspection of the titration curves for lanthanides and CPA in MeCN clearly 
reveals that all lanthanides form 1 ;2 (ligand: metal cation) complexes. The shape of the 
titration curves differ significantly. Thus Pr^^, Nd^ "^ , Sm^\ Eu^ '*', Gd^^, Tb^^, Lu^’*' and 
Sc^  ^ have similar patterns. These cations form strong 1:2 (ligand: metal) complexes 
followed by 1:1 (metal: ligand) moderate complexes in the case of Pr^^, Nd^ "*", Gd^^ and
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Tb^^, while in the case of Eu^^ and the (1 :1) (ligand: metal) complexes are
very weak to the extent that a significant break in the conductometric curve could not be 
seen. As far as Ho^^, Er^ "*" and Yb^^ are concerned the 1:1 and 1:2 (ligand: metal) 
complexes are both, relatively weak.
The decrease in the conductivity observed in the case of Pr^^, Nd^^, Sm^ "^ , Eu^ "^ , Gd^^, 
Tb^^, Lu^^ and Sc^ "*" after addition of the ligand until a stoichiometry of M^VCPA = 0.5 is 
due to the large size of the complexed metal-ion compared with the free solvated ion. 
After the break at 0.5 metal cation / ligand ratio, one would expect a continuous decrease 
in the conductivity on addition of the ligand. However the opposite was observed. A 
possible explanation of this is that the presence of an excess of ligand, one metal cation 
form the 1 :2  complex is transfeiTed to the free ligand with the corresponding increase in 
the conductance. As far as Ho^\ Er^^ and Yb^^ are concerned, since the electrolyte salt 
was placed in the conductance vessel an increase in the conductivity was observed on the 
addition of the ligand until the end of the experiment. The explanation in this case is that 
ion-pair formation occurs with the lanthanide salt upon complexation, the formation of 
ion-pair decreases substantially leading to an increase in conductance.
An increase in the electrolyte conductance has also been observed by Danil de Namor and 
Jafo^^^ when they studied the complexation of lanthanide cations by some calixarene 
derivatives.
3.5 Thermodynamics of complexation
Standard thermodynamics parameters of complexation (log Kg, A77J, AS", AG°) of
calix[4]pyrrole acetamide (CPA) with different ion in MeCN were determined using the 
Tronac 450 and the TAM calorimeters. For this purpose the instruments were electrically 
and chemically calibrated prior to measurements, as discussed in the coming Sections.
3.5.1 Calibration of the calorimeter (Tronac 450)
Prior to any titration, the calibration of the Tronac 450 calorimeter was performed in 
order to check the reliability of the equipment. The burette delivery rate (BDR) and the 
standard enthalpy of protonation of THAM in HCl at 298.15 K were determined.
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3.5.2 Burette Delivery Rate (BDR)
In Fig. 3.40 the volume (cm^) dispensed from the calorimeteric burette against the time in
second (sec) are plotted. The slope of this line gives the BDR (6 .6 8  x 10'^ cm^.sec'^).
2.5
2.0 -
R = 0.998
I
0.5 -
0.0 500 100 150 200 250 300 350
Time (sec)
Fig 3.40 Plot of delivered volume (cm^) of water versus time (sec) for the determination 
of BDR.
3.5.3 Standard reaction of protonation of THAM with HCl in aqueous 
medium at 298.15 K
The reaction of protonation of THAM in aqueous solution in the presence of HCl is given 
in eq. 3.6
THAM{aq.){Q.5moldm-^)+HCl{aq:)((i.\moLdm-^)^ HTHAM^ (aq.) (3.6 )
Table 3.6 gives the data for the enthalpy of protonation of THAM in water.
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Table 3.9 Calorimetric data from a titration experiment of the hydrolysis of THAM with 
HCl at 298.15 K
V(cm^) Q r(J) Q h(J) Q p(J) n (mol) ApH“ (KJ.mol^)
0 . 0 3 6 8 - 0 . 9 4 7 9 - 1 . 5 7  X 1 0 '^ - 0 . 9 4 6 3 2 . 0 2  X  1 0 ’^ - 4 6 . 7 8
0 . 0 3 2 8 - 0 . 8 7 5 5 - 1 . 4 1  X 1 0 '^ - 0 . 8 7 4 1 1 .8 1  X  1 0 '^ - 4 8 . 4 1
0 . 0 3 2 3 - 0 . 8 4 5 3 - 1 . 3 8 x 1 0 ’^ - 0 . 8 4 3 9 1 . 7 8  X  1 0 '^ - 4 7 . 5 1
0 . 0 2 7 9 - 0 . 7 3 0 6 - 1 . 2 0 x 1 0 ' ^ - 0 . 7 2 9 4 1 . 5 4 x 1 0 ' ^ - 4 7 . 4 6
0 . 0 3 3 0 - 0 . 8 9 3 6 - 1 . 4 1 x 1 0 ' ^ - 0 . 8 9 2 2 1 .8 1  X  1 0 '^ - 4 9 . 2 1
0 . 0 2 8 9 - 0 . 7 6 0 7 - 1 . 2 4 x 1 0 ' ^ - 0 . 7 5 9 5 1 . 5 9  X  1 0 '^ - 4 7 . 8 2
0 . 0 2 9 7 - 0 . 7 5 4 7 - 1 . 2 7  X 1 0 '^ - 0 . 7 5 3 4 1 . 6 3  X 10"^ - 4 6 . 1 5
0 . 0 2 8 9 - 0 . 7 9 7 0 - 1 . 2 4 x 1 0 ' ^ - 0 . 7 9 5 7 1 . 5 9  X  1 0 '^ - 4 9 . 9 9
0 . 0 3 6 8 - 0 . 9 4 7 9 - 1 . 5 7 x 1 0 ' ^ - 0 . 9 4 6 3 2 . 0 2  X  1 0 '^ - 4 6 . 7 8
V, volume of THAM added, n, number of moles of THAM
The average value obtained for ApH® is -  48 ± 1 kJ mol'* which is close to the value 
reported in the literature (- 47.44 kJ
3.5.4 Standard reaction used in the 2277 Thermal Activity Monitor ‘
The reaction o f complexation of 18-C-6 and Ba^^ in aqueous m e d iu m w a s  used as a 
standard reaction to check the reliability of the TAM 2277 following the procedure 
described in the Experimental Part.
The stability constant (expressed as log Kg), standard Gibbs energy, AcG°, enthalpy, AcH° 
and entropy AcS° of complexation of 18-C-6 with Ba^^ in aqueous medium obtained at
298.15 K from microcalorimetric titrations are summarised in Table 3.7. For comparison 
purposes, values reported in the literature are also included*^*.
182
Chaptre.3 Results & discussions
Table 3.10 Thermodynamic parameters of complexation of Ba^^ with 18-C-6 in aqueous 
medium at 298.15 K
log Kg AcG*^ AcH° AcS° Ref
3.79 ±0.03 -21.63 ±0.01 -32.12 ±0.08 -35 This work
3.77 ±0.01 -21.52 ±0.01 -31.4 ±0.2 -33 191
The thermodynamic parameters for the complexation of Ba^^ with 18-C-6 in aqueous 
medium show a good agreement with the values reported in the literature by Briggner and 
Wadso^^\
Having determined the burette delivery rate and the reliability of both calorimeters 
through the determination of the thermodynamic parameters for the standard reactions, 
calorimetric titrations were carried out with the aim of obtaining quantitative information 
regarding the complexation process involving the calixpyrrole acetamide receptor and 
ionic species in acetonitrile and these are now discussed
3.5.5 Thermodynamic parameters of complexation of CPA with the fluoride 
anion in acetonitrile at 298.15 K.
Having established the stoichiometry of complexes with anions and cations in acetonitrile 
from conductance measurements, titration calorimetry was used to obtain the log Kg and 
the enthalpy of complexation of CPA with ionic species in acetonitrile. Combination of 
Gibbs energies and enthalpies led to the calculation of the entropies associated to the 
complexation process.
From the stability constant, the standard Gibbs energy, ls.fi" was evaluated using the 
expression,
^ f i " ^ - R T \ n K ^  (3.7)
The data are referred to the process in which the reactants and the product are in their 
standard state of 1 mol dm‘^ . Combination of is fi"  and leads to the evaluation of
the entropy of complexation, A^ .A" using the following relationship.
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A G " = A H " - T A S " (3.8)
Thermodynamic data for the complexation of CPA with the fluoride anion in acetonitrile 
are summarised in Table 3.11. These are referred to the process shown in eq. 3.9.
X~{s)+CPA— ^  C P A - X - ( s )  (3.9)
Inspection of the thermodynamic parameters in Table 3.11 reveals that the complexation 
process of CPA with fluoride in acetonitrile is enthalpically controlled and a complex of 
moderate stability is formed.
Table 3.11 Thermodynamics of complexation of CPA and the fluoride anion in 
acetonitrile at 298.15 K
Metal log Kg AoG° (kJmoF') AcH° (kJmof^) A cS°(Jm or'lC ')
F‘ 4.2 ±0.1 - 24.0 ± 0.5 - 26.5 ± 0.3 - 8
It is interesting to compare the thermodynamic parameters for the complexation of CPA 
with the fluoride anion in acetonitrile with other calixpyrrole receptors (1  and 13) 
previousely studied by Danil de Namor and coworkers^^’^ ’^^ .^ The selectivity of 
calixpyrroles CPA, 1 and 13, for the fluoride anion in acetonotrile can be evaluated by 
calculating the selectivity factor, = lo r l3 ) , which is defined as the ratio of the
stability constants involving two receptors and the fluoride anion in acetonitrile as shown 
in eq. 3.10.
(3.10)
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Table 3.12 Selectivity factor of the calixpyrrole receptor, CPA for the fluoride
anion relative to other receptors 1 and 13 in acetonitrile at 298.15 K
Anion 1 13
C^PAH 0 .6 8 0.77
It can be inferred from inspection of Table 3.12 that CPA is less selective for the fluoride 
anion than 1 and 13 by factors of 0.68 and 0.77 respectively. This decrease in the 
selectivity can be attributed to the introduction of the phenyl groups in the bridge between 
the pyrrole rings in 1 and by the presence of the acetamide arm groups in 13. The main 
factor which can affect the complexation process in this case is the steric effect where the 
benzene rings (supported by the mesomeric effect generated from the lone pairs of the 
nitrogen and oxygen atoms of the acetamide arm groups) form a repulsive barrier 
restricting the free access of the anion to the pyrrole protons. Although calixpyrroles are 
known for their complexation with anions, the introduction of the amide groups made^this 
ligand to serve as a cation receptor. This is discussed in the following section.
3.5.6 Thermodynamic parameters of complexation of CPA with metal 
cations in acetonitrile at 298.15 K
Solution calorimetry has been used to obtain thermodynamic parameters which provide 
quantitative information about the strength of the complexation process of CPA with 
various metal cations. Before proceeding with the thermodynamic investigation, it is 
necessary to formulate models representing the binding process. Having established from 
conductometiy and *H NMR that CPA forms 1:1 (ligand: cation) complexes with Li^, 
Ca^^, Sr^”^, Ba^^, Pb^ '*’, Cd^^ and a 1:2 (ligand: cation) complex with mercury in 
acetonitrile at 298.15 K, the stability constants (expressed as log Kg), the standard Gibbs 
energies, , enthalpies and entropies A^ 5"" for the processes described in eq.
3.9-3.11 were determined and these are included in Table 3.13. Stability constants and 
enthalpies of complexation were obtained from titration calorimetry.
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M* (s)-\-CPA(s)— ^ M * C P A ( s )  (3.11)
is)+CPA(,s) — ^ M ^ * C P A is ) ,  M^* =Ca^\Sr^*,Ba^*,Pb^*andCd^* (3.12)
Hg^*CPA(s) + H g‘* {s) — ^  {H g fiP A ) '\s )  (3.13)
Table 3.13 Thermodynamics of complexation of CPA and cations (perchlorate as 
counter ion) in acetonitrile at 298.15 K
Metal M"'*'L log Ks AcG° (kJmof^) AcH° (kJ mol *) AcS° (J mol * IC*)
L r ( 1 :1) 2.70 ± 0.01 -15.35 ±0.01 -37.1+0.1 -73
Ca^+ ( 1 :1) 3.08 + 0.06 -17.6 + 0.4 -31.2 + 0.1 -46
Sr^ '*' ( 1 :1) 3.86 ±0.01 - 2 2 .0  ± 0 .2 30.3 + 0.1 176
Ba^ "*^ ( 1 :1) 4.0 ±0.1 - 22.5 ± 0.3 2 2 .8  + 0 .1 151
Pb^^ ( 1 :1) 5.04 ± 0.01 -29.8 ± 0.2 -15.5 + 0.2 45
Cd^+ (1 :1) 5.42 ±0.01 -30.97 ± 0.05 -18.0 + 0.3 44
( 1 :1) 3.7 ±0.1 -2 1 .1  + 0.1 -39.3 ± 0.4 58
(1 :2 ) 1.7 ±0.1 -9.4 ± 0.2 -90 ± 0.5 -268
Hg'+ ( 1+2 ) 5.4 ±0.1 -31.0 + 0.2 -130 + 0.5 -218
Inspection of Table 3.13 shows that amongst the alkali metal cations tested only Li^ forms 
a 1:1 complex with CPA in acetonitrile. On the basis of enthalpy and entropy 
contributions to the Gibbs energy of complexation, the process can be either enthalpically 
(|AcH° |>|TAcS°l) or entropically (|TAcS° |>|AcH°l) controlled^®^. It is clear that the 
complexation with Li'*' is enthalpicaly controlled. However the complex formed with Li^ 
is weak. There is no information in the literature regarding lithium calixpyrrole based 
complexes and hardly any on cation complexation processes involving these ligands. . 
The only examples reported in the literature of complexes with calix[4]pyrrole derivatives 
to bind these cations are calixpyrroles containing appending recognition groups such as 
crown ethers that are well-known for their ability to complex alkali metal cations^® .^
186
Chaptre.3 Results & discussions
It is expected that the interaction with alkali metal cations would involve the carbonyl 
component of the acetamide arm groups. NMR experiments carried out during the 
course of this investigation with the parent calix[4] pyrrole, 1 showed that 1 forms 1:1 
complexes with Li'*' and Na"*" in acetonitrile as discussed earlier.
The results in Table 3.13 also show that 1:1 complexes are formed in the case of the 
bivalent metal cations interacting with this ligand except where a complex of 1 :2 
(ligand: metal) stoichiometry is formed. Complexes of CPA with bivalent cations are 
characterised by their moderate stability constants.
The highest log Kg value for 1:1 complexes in acetonitrile is found for cadmium. Thus, it 
can be seen that the stability constant follows the sequence Cd^ "*" > Pb^’*' > Ba^ '*' > Sr^’*' > 
Hg^^ > Ca^^ > Li"*". These findings reflect the high preference of the ligand for Cd^^ 
relative to Li^. Although the ligand has high affinity for this cation, the greatest capacity 
of the receptor is that for Hg^^. Indeed CPA takes two mercury cations per unit of ligand 
in acetonitrile.
According to the data given in Table 3.13, it is clear that the complexation processes of 
L i \  Pb^’*’, Cd^ '*' and Ca^’*' in acetonitrile are enthalpically favoured (negative AcH°) and 
entropically unfavoured. As far as Ba^^ and Sr^ '*' are concerned, their complexation with 
CPA in acetonitrile is entropically controlled.
For the complexation of Hg^^ with CPA in acetonotrile at 298.15 K, the process (1:1) 
(Hg^ '*’: CPA) is enthalpically controlled and entropically favoured. While the 1:2 (CPA: 
Hg^ "*") process is enthalpically favoured. However both, the enthalpy and the entropy 
contribute significantly to the stability of the complexes.
To confirm the hosting capacity of CPA for mercury (1:2 ligand/metal cation) 
thermodynamic studies of 1 (which is regarded as the calixpyrrole core of CPA) with 
mercury were carried out in acetonitrile at 298.15 K to gain information regarding 
whether or not the calixpyrrole core of CPA interacts with mercury (II) or the carbonyl 
functions of the acetamide arm groups are responsible for the 1 :2  stoichiometry observed 
for this cation and CPA in acetonitrile. Thus log Ks and derived standard Gibbs energy 
AcG°, enthalpy AcH”, and entropy, AcS° of complexation involving 1 and the mercury 
cation in acetonitrile are listed in Table 3.14. For comparison purposes in this Table are 
also included thermodynamic data for the complexation of calix[2]thio[2]pyrrole, 48 and
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5,ll,17,23-/?-^er^-butyl-25,2,27,28-tetradiethylacetamide-calix[4]arene, 49 (Fig. 3.41) 
with mercury (II) in acetonitrile.
CH,
CK
H-NN-H
CH,H,C
CH, CH,
48
49
Fig 3.41 Structure of calix[2]thio[2]pyrroie, 48 and 5,11,17,23-j!;-/^er^-butyl-25,2,27,28- 
tetradiethylacetamide-calix[4]arene, 49.
Table 3.14 Thermodynamics parameters of complexation of (perchlorate as counter 
ion) with 1 and 48 in acetonitrile at 298.15 K
Ligand L:Hg'+ log Ks AcG° (kJinof) AcH° (kJmof*) A cS°(Jm or‘ K-‘)
1 (1 :1) 5 .6 8  ± 0 .0 2 -32.4 ±0.1 -31.3 ±0.1 4
48 (1:1) 4.00 ± 0.02 -22.6 ± 0.4 -37.8 ±0.1 -51
49 ( 1 :1) 9.9 ± 0.1 -56.5 ± 0.8 -90.3 ± 0.5 -113
By examining the thermodynamic parameters of complexation of these ligands and 
in acetonotrile, it can be inferred that the complexation processes of 1, 48 and 49 with 
mercury (II) are enthalpically favoured; this implies that the binding energy of the ligand 
with the metal cation is the main contributor to the stability of the process. It can be 
clearly concluded that the presence of sulphur donor atoms in alternative positions in 48 
reduces the affinity of this receptor towards Hg^^. Moreover Danil de Namor and Abbas^^ 
show that the reduction in the number of the N-H pyrrolic groups in 48 renders this ligand 
ineffective in targeting anions and hence the anion selectivity observed for 1 does not
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exist for 48. However the most important finding is that the 1:2 (ligand: metal cation) 
complexation observed between Hg^^ and CPA in acetonitrile is due to the hosting ability 
of the ligand to interact with this cation through the pyrrolic rings as well as with the 
acetamide pendant groups and this is corroborated by the chemical shift changes observed 
in the *H NMR spectrum for the NH pyrrolic rings as well as the protons of the acetamide 
arm groups when the mercury (II) salt is added to a solution of CPA in CD3CN. The 
affinity of the amide functional groups towards the mercury cation has been previously 
proven by Danil de Namor and Matsufuji-Yasuda^®^ in studies related to the interaction of 
mercury (II) with the receptor 49 in acetonitrile. The ^H NMR spectrum of receptor 49 
and mercury in CD3CN at 298 K, show pronounced chemical shift changes for protons 3 
and 8  which suggest that mercury (II) interacts with the carbonyl functional groups of the 
acetamide arm groups at the lower rim of this ligand.
3.5.7 Thermodynamic parameters of complexation of CPA with lanthanides 
cations in acetonitrile at 298.15 K.
The complexation between meso-tetramethyl-tetrakis-[(4-N,N
diethylacetamide)phenoxymethyl]calix[4]pyrrole (CPA) and Lu^^, Gd^^, Er^\ Yt^\ Ho^^, 
Nd^^ lanthanides cations was investigated in acetonitrile (MeCN) at 298.15 K. For this 
purpose, titration microcalorimetry and classical (macro) calorimetry were used.
Fig 3.41 shows a microcalorimetric chart recorded for the titration of CPA with the 
gadolinium (III) cation in acetonitrile at 298.15 K in which the thermal power is plotted 
against time. This graph is typical for a 1:1 (ligand: lanthanide cation, Ln^^) complexation 
reaction. On the other hand it is clearly seen that no gradual change of potential and 
therefore heat has been traced by the chart before the 1:1 (CPA:Ln^^) mole ratio complex 
is reached. A plot of the enthalpy changes during the microcalorimetric titration against 
the ligand/ lanthanide cation concentration ratio in acetonitrile at 298.15 K is shown in 
Fig. 3.42. Inspection of this plot shows also that the composition o f the complex formed 
between gadolinium and CPA is 1:1. This observation suggests that the first process 1:2 
(CPA:Ln^^) complex formation is very slow and therefore it was not possible to derive 
the stability constant of this process by calorimetric titration. Thermodynamic data for 
lanthanides complexation with CPA in acetonitrile were therefore calculated on the basis 
of 1:1 (CPA:Ln^^) ratio as indicated in the following equation.
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L c ^  (s)+CPA W  —^  Ln‘*CPA {s) (3.14)
d.i
60
U \ J0
0 5 1510
Tiine (lioms)
Fig 3.42 Plot of power vs. time for the microcalorimetric titration of CPA with 
gadolinium
80
60
I
%
20
Fig 3.43 Plot of the enthalpy change CPA/Gd^^ concentration ratio for the 
calorimetric titration o f Gd^^ (as trifluoromethanesulfonate) with CPA in acetonitrile at
298.15 K.
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Stability constants (expressed as log ) and derived standard Gibbs energies, A^G°, 
enthalpies , and entropies, A^5'° for the complexation of lanthanides (III) cations
with CPA in acetonitrile at 298.15 K are listed in Table 3.15. The data refers to the 
process described by eq. 3.12.
Table 3.15 Thermodynamics parameters for the complexation of lanthanides (III) cations 
(trifluoromethanesulfonate as counter ion) and CPA in acetonitrile at 298.15 K
Metal
ionic
radius
logKs
AcG°
(kJinof*)
AcH° 
(kJ m of’)
AcS°
(J mof^ K ':
Nd"-" 0.99 4.18 ±0.08 -23.9 ±0.5 -52.7 ±0.1 -96
Eu'+ 0.95 4.98 ± 0.09 -24.1 ±0.5 -75.1 ±0.1 -171
Gd^+ 0.94 4.58 ±0.04 -27.1 ±0 .2 -49.3 ± 0.5 -78
Ho^+ 0.89 3.80 ± 0.07 -23.4 ±0.4 -38.5 ±0.2 -57
Er^+ 0 .8 8 4.96 ± 0.07 -28.3 ±0.5 -34.9 ±0.2 - 2 2
Yb^+ 0.93 5.10 ±0.03 -29.1 ±0 .2 -14.5 ±0.3 30
Lu^+ 1 .0 0 4.80 ± 0.02 -21.81 ±0.07 -39.7 ±0.1 -60
A general analysis of the thermodynamic parameters in Table 3.15 shows that the 
complexation process is favoured in terms of enthalpy ( < 0  ) but not in terms of
entropy ( ) except for Yb^^ and this ligand in the above systems. The complexation
process is therefore enthalpically controlled.
The data in Table 3.15 show that the A^G" values obtained for CPA and the various 
lanthanide (III) cations in acetonitrile are close to each other. A reasonable linear 
relationship was in fact found when values were plotted against as shown in
Fig. 3.43. These data suggest the presence of an enthalpy-entropy compensation effect 
possibly due to the reorganisation of the solvent upon complexation. These effects were 
previously discussed by Danil de Namor and Jafou^^^. The slope of this plot represents the
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experimental temperature (298 K) is 295 K, the correlation coefficient is 0.98 whilst the 
intercept of the fitted line, A^G°, is -24.36 kJ mol'L
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-80 —
-90
Slope 295 K
I n t e r c e p t -24.36 kJ in o f  
Correlation coeffic ient 0.98
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Fig 3.44 Plot of A^.if“ vs. A^^" for the complexation of lanthanide (III) cations by CPA 
in acetonitrile at 298.15 K
Danil de Namor and Baron^®* have previously reported that substituted lower rim 
calix[4]arene amide derivative such as 49 interacts with lanthanide cations in acetonitrile 
(Table 3.16) giving complexes of 1:1 stoichiometry. Unlike calix[4]arenes, the 
calix[4]pyrrole derivative, CPA, with four acetamide arm groups forms 1:2 
ligand/lanthanide (III) complexes. This is due to the fact that CPA interacts on one side 
with a lanthanide cation using the pyrroles cavity and on the other side with a second 
lanthanide cation by using the four adjacent C=0 of the acetamide groups. A molecular 
model of CPA and neodymium as the representative cation is given in Fig 3.44 showing 
that CPA hosts two lanthanide cations per unit of ligand.
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Fig 3.45 Side view of structural modeling Nd^"^-CPA complex (C =  # ;  O = #  ; N = #  ; 
H atoms are not shown)
Table 3.16 Thermodynamic Data for the Process of Complexation between Ln^^ and 49 
in acetonitrile and at 298.15 K
Metal
ionic
log Ks
radius
AcG°
(kJm ol')
AcH° 
(kJ mol*')
AcS°
(J mol*' K*')
Nd^^ 5.72 ± 0.05 -32.6 ± 0.2 -51.8±0.1 -64
Eu^^ 5.72 ±0.05 -33.6 ±0.2 -89.7 ± 0.5 -191
Gd^+ 6.22 ± 0.05 -32.4 ± 0.2 -140.7 ±0.1 -144
Ho^^ 5.69 ± 0.05 -32.4 ± 0.2 -140.7 ±0.1 -363
Er^^ 5.66 ±0.03 -32.3 ±0.1 - 98.2 ± 0.2 - 2 2 0
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Inspection of Table 3.16 shows that in all cases, the favourable Gibbs energy of 
complexation of the calix[4]arene derivative 49 with lanthanide cations in acetonotrile is 
enthalpically controlled (negative values) since these processes took place with a
loss of entropy. As far as stability constants are concerned, data in Table 3.16 show that 
despite the small variation in the size of lanthanide cations as assessed by their ionic radii 
(r), receptor 49 is able to interact selectively with these cations.
In an attempt to explain the factors which contribute to the stability of the complexes and 
the contribution of and A^ "^" to the Gibbs energy of complexation, these parameters
are plotted against corresponding data for the hydration of these cations on the 
assumption that these follow the same sequence in acetonitrile than in water. Thus Fig. 
3.46 is a plot of A^G" values for bivalent cations against their Gibbs energies of 
hydration.
-2000 
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o  -20 4 
3  -25
CD -30 
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AhydG° (kJ.m or^)
-1800 -1600 -1400
Hg2+
Cd2+
-1200
Ca2+
Sr^ -* Ba2+
Fig 3.46 The standard Gibbs energy of complexation of CPA and bivalent cations in 
acetonitrile at 298.15 K against the standard Gibbs energy of cation hydration.
Plots in terms of enthalpies and entropies are shown in Figs. 3.47 and 3.48 respectively
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Fig 3.47 The standard enthalpy of complexation of CPA and bivalent cations in 
acetonitrile at 298.15 K against the standard enthalpy of cation hydration
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Fig 3.48 The standard entropy of complexation of CPA and bivalent cations in 
acetonitrile at 298.15 K against the standard entropy of cation hydration.
The distinction observed previously^'^^’^ ®^ between binding and cation desolvation for 
processes involving calix[4]arene derivatives and these cations is hardly observed in these 
systems. Undoubtedly, ligand desolvation and complex solvation are also important
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factors to consider, none of these are involved in this correlation. Further work on these 
aspects is a matter of future investigations.
The same correlation is explored for process involving CPA and lanthanide cations in 
acetonitrile. As expected no significant changes are observed in the A,,^ ,^ G^“of these
cations^^. However the A .^i7“ values show that as the A , b e c o m e s  more favourable
( more negative) in moving from Nd^ '*' to Gd^^, the binding process predominates
over the hydration process as a result the stability of the complexes increases (A^i7“
becomes more negative). Form Gd^^ to Er^ "^  it appears that the enthalpic stability 
decreases and the desolvation process starts to predominate.
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Fig 3.49 The standard Gibbs energy of complexation of CPA and lanthanide cations in 
acetonitrile at 298.15 K against the standard Gibbs energy of cation hydration
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Fig 3.50 The standard enthalpy of complexation of CPA and lanthanide cations in 
acetonitrile at 298.15 K against the standard enthalpy of cation hydration.
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Fig 3.51 The standard entropy of complexation of CPA and lanthanide cations in 
acetonitrile at 298.15 K against the standard entropy of cation hydration.
The entropy does not follow the same pattern but compensate the enthalpy. Thus the 
greatest loss o f entropy is found for Ho (III).
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Conclusions
1. Ill this work, the synthesis of a new macrocycle was achieved by functionalization 
of the parent caIix[4]pyrroIe with acetamide arm groups.
2. The solvation o f this ligand is altered as a result of the medium effect. Solubility 
studies show that this receptor undergoes selective solvation. Thus 
A,G” {MeCN -> s') values are significant and positive in the case of protic solvents such 
as MeOH and EtOH, which indicate that acetonitrile is a better solvator o f this receptor 
than the alcohols. Negative values of {MeCN s) were observed for transfers to 
other dipolar aprotic solvents which indicate that the receptor undergoes higher 
solvation in these solvents relative to acetonitrile. This can be anticipated from the 
dipolar character of these solvents. Furthermore the higher solvation of CPA in DMSO 
and DMF is due to the basic character of these two solvents (protophilic dipolar aprotic 
solvents).
3. 'H  NMR studies of the receptor in different deuterated solvents show that the most 
significant chemical changes are observed for the N-H functionality of the pyrrolic 
rings. These studies show also that the CPA-solvent interaction follows the sequence 
de-DMSO > dv-DMF > CD3OD > de-Acetone > CD3CN > CDCI3. As far as 
interactions involving anions are concerned, this receptor interacts selectively with the 
fluoride anion. The pyrrole NH resonance was found to split into two peaks in the 
presence of fluoride. The cause for this splitting is due to the coupling between the NH 
protons and the *^ F nucleus of the bonded fluoride anion with a coupling constant of 
49.5 Hz.
4. Conductometric titrations demonstrated that a 1:1 (ligand: ion) stoichiometry is 
obseiwed in MeCN during the complexation process of CPA with F', Li'*', Ca^ ,^ Sr^ "*”, 
Ba^^, Pb^^, and Cd^ "*". Complexes o f 1:2 (ligand: metal cation) stoichiometry were 
observed in the case of Hg^^ and all lanthanide cations investigated in MeCN. Thus 
Pr^^, Nd^^, Sm^ '*', Eu^ '*', Gd^^, Tb^^, Lu^^ and Sc^ '*' form strong 1:2 (ligand: metal 
cation) complexes followed by moderate 1:1 (ligand: metal) complexes in the case of 
Pr^^, N d^\ Gd^ "*" and Tb^^. However Sm^^, Eu^^ and Lu^’*' the 1 ;1 (ligand: metal cation) 
complexes are very weak to the extent that a significant break in the conductometric
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curve could not be observed. As far as Ho^^, Er^ "^  and Yb^^ are concerned the 1:1 and 
1:2 (ligand: metal cation) complexes are both, weak and a continuous increase was 
found in the conductometric titration curves.
5. The thermodynamics of complexation of CPA with ionic species shows that a 
weak complex is formed with lithium and complexes of moderate stability are formed 
with F ~, Hg^^, Ca^^ and Ba^^. However strong complexes were found with Pb^^ and 
Cd^^ as well as most of the lanthanides studied. In most cases, the complexation 
processes are enthalpically controlled. This implies that the main contributor to the 
stability o f the process is the binding energy of the ligand with the ions in the solvents. 
The complexation processes of L i \  Pb^^, Cd^^ and Ca^^ in acetonitrile are 
enthalpically favoured (negative Ai7“) and entropically unfavoured (negative AS'J). As
far as Ba^ '*’ and Sr^^ are concerned, their complexations with CPA in acetonitrile are 
entropically controlled. For the complexation of Hg^^ with CPA in acetonotrile at
298.15 K, the 1:1 (CPA: Hg^^) process is enthalpically controlled and entropically 
favoured. While the 1:2 (CPA: Hg^^) process is enthalpicaly favoured. However both, 
the enthalpy and the entropy contribute significantly to the stability of the complexes. 
In the case of the lanthanides cations (Lu^’*', Gd^’*', Er '^ ,^ Yt^^) there is an enthalpy- 
entropy compensation effect which is often attributed to the reorganisation of the 
solvent^^^.
The next section describes the research carried out with the mesoporous materials.
3.6 M esoporous m aterials characterization
3.6.1 Elemental analysis
The C, H, N analysis of hybridised materials was used to determine the quantity of 
organic moieties grafted to the framework channels of silica. The results are displayed in 
Table 3.17. These results show that the percentage of carbon, hydrogen and nitrogen 
increases in two steps. The first increase results from the attachment of aminopropyl 
si lane while the second is due to the attachment of other arm groups.
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Table 3.17 Carbon, Hydrogen and Nitrogen analysis of different hybridized silica 
materials
Sample % C % H % N N(mmol/g) n C/N Lo
HMS 0.02 0.08 --- ---
AP-HMS 12.30 2.63 1.97 1.41 1 6.24 1.41
AP-HMS-AK 19.42 2.81 2.36 1.69 1 8.23 1.69
AP-HMS-AM 17.26 3.46 3.78 2.70 2 4.57 1.35
AP-HMS-AC 20.18 3.70 4.26 3.04 2 4.74 1.52
AP-HMS-AHl 17.45 3.10 4.08 2.91 1 4.28 2.91
AP-HMS-AH2 19.04 3.08 3.84 2.74 1 4.96 2.74
AP-HMS-CDl 10.88 2.19 3.04 2.17 1 3.58 2.17
AP-HMS-CD2 12.5 2.98 3.54 2.53 1 3.53 2.53
AP-HMS-CD3 12.75 2.51 2.61 1.86 1 4.89 1.86
AP-SIL 4.93 1.24 0.82 0.59 I 6.01 0.59
AP-SIL-CP(Hom) 5.83 1.22 --- —
AP-SIL-CP (Het) 9.78 1.49 1.13 0.81 5 8.65 0.16
To remove the surfactant from the silica, several methods have been described in the 
literature mainly washing with acidified waters^calcination^*"^ as well as washing with 
hot solvent^ *^ . In this work the crude material has been extracted with hot ethanol by 
using a Soxlilet apparatus. The absence of detectable levels of nitrogen in the parent silica 
indicates the effectiveness of ethanol in removing the surfactant. The importance of this 
method lies in that the sintering process to remove completely the surfactant is avoided. 
The ethanol used in the extraction process was removed under pressure; the viscous 
product remaining was examined by NMR and it was assigned to dodecylamine (DCA). 
The amount of anchored ligands onto the surface of the HMS mesoporous silica (Lo) was 
calculated from the percentage of nitrogen in the functionalized silica-gel, (elemental 
analysis) using the following expression**^:
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In eq. 3.13, % N is the weight percentage of nitrogen in the product and n is the number 
of nitrogen atoms in the ligand. It can be observed from Table 3.17 that the quantity of 
anchored ligands was always higher in all modified HMS silicas in comparison to the AP- 
HMS starting material. The steric obstacle inside the pores of the mesoporous silica may 
affect the degree of functionalization in AP-HMS-CD in comparison to other modified 
HMS with small arm groups (AP-HMS-AM, AP-HMS-AC). These are able to fit easily 
inside the mesopores of the material. In the case of AP-SIL-CP, the amount of amine 
using the homo-CP route (AP-SIL-CP (Horn)) is almost nill, while 1.13 mmol/g was 
obtained using the hetero-CP route (AP-SIL-CP (Het)).
3.6.2 X-ray diffraction
The powder X-ray diffractions (XRD) of different hybridised materials are shown in 
Fig.3.52 All diffractions exhibited a single peak corresponding to the characteristic 
reflection [100] o f the material structure with dspacing of ca (2.31 nm), (2.95 nm), (3.53 
nm), (3.56 nm), (3.45 nm), (3.88 nm), (5.20 nm), (3.13 nm), (2.66 nm), (4.58 nm), (5.14 
nm) and (5.87 nm) for HMS, AP-HMS, AP-HMS-AK, AP-HMS-AM, AP-HMS-AC, AP- 
HMS-AHl, AP-HMS-AH2, AP-HMS-DA, AP-HMS-BO , AP-HMS-CDl, AP-HMS- 
CD2 and AP-HMS-CD3 respectively. It can be clearly noted that hybridised materials 
show a dspacing larger than that of the parent material. This resulted from a higher loading 
of molecules in the pores of the modified materials.
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Fig 3.52 Powder X-ray diffraction patterns of (a) parent mesoporous silica (HMS); (b) 
HMS modified with trimethoxy aminoprpyl silane (AP-HMS); (c) AP-HMS-AK; (d) AP- 
HMS-AM; (e) AP-HMS-AC; (f) AP-HMS-BO ; (g) AP-HMS-AHl; (h) AP-HMS-AH2; 
(i) AP-HMS-DA; Q) AP-HMS-CDl; (k) AP-HMS-CD2; (1) AP-HMS-CD3
Powder diffraction studies were followed by nitrogen sorption of these materials and 
these are now discussed.
3.6.3 Sorption of Nitrogen
Nitrogen sorption isotherms of HMS, AP-HMS, AP-HMS-AK, AP-HMS-AM, AP-HMS- 
AC, AP-HMS-AHl, AP-HMS-AH2, AP-HMS-DA, AP-HMS-BO and AP-HMS-CDs (1- 
3) samples are displayed in Figs. 3.53-3.64 respectively. The structural parameters 
derived from the isotherms such as specific surface area, A b e t  (according to Brunauer, 
Emmet and Teller (BET) t h e o r y ) m e s o p o r e s  surface area, A b jh , pore diameter, D bjh
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(Barrett, Joyner and Halenda (BJH) m e t h o d ) p o r e  volume, V bjh  (Barrett, Joyner and 
Halenda (BJH) m e t h o d ) t h e  dspacing as well as wall thickness are reported in Table 3.18.
Table 3.18 Structural parameters derived from N 2 sorption isotherms and dspacing of 
different hybridised silicas
Material A b e t
(m^/g)
V bjh
(cmVg) D bjh  (A) dioo(nm)
Wall
thickness
HMS 909 1.31 27.90 2.31 —
AP-HMS 741 1.07 29.74 2.95 4.32
AP-HMS-AK 390 0.57 13,68 3.53 27.08
AP-HMS-AM 367 0.53 30.88 3.56 10.23
AP-HMS-AC 689 0.77 30.50 3.45 9.34
AP-HMS-AHl 160 0.42 85.03 3.88 44.76
AP-HMS-AH2 165 0.51 108.54 5.20 60.04
AP-HMS-DA 409 0.35 61.91 3.13 36.19
AP-HMS-BO 393 0.22 73.51 2 ^ 6 30.74
AP-HMS-CDl 737 1.18 45.08 4.58 52.88
AP-HMS-CD2 483 0.64 44.50 5.14 59.34
AP-HMS-CD3 423 0.74 49.65 5.87 67.81
A b e t : Specific surface area according to Brunauer, Emmet and Teller (BET) theory 
A b j h : Mesopors surface area
D b j h : Pore diameter according to Barrett, Joyner and Halenda (BJH) method 
V b j h : Pore volume according to Barrett, Joyner and Halenda (BJH) method 
dioo: The interplanar spacing of the family (100)
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Nitrogen adsorption-desorption curves exhibit a wide and asymmetrical hysteresis loop 
which correspond to type H3 for all samples, according to the lUPAC classification**^. 
The hysterisis of some functionalised material isotherms are smoother than that of the 
parent silica (HMS) due to almost total disappearance of the hysterisis cycle. This can be 
explained by the decrease of the pore volume due to functionalization. As far as the 
physical parameters are concerned, the A b e t  f o r  all functionalized silicas are lower (741, 
390, 367, 689, 160, 165, 409, 393, 737, 483 and 423 for AP-HMS, AP-HMS-AK, AP- 
HMS-AM, AP-HMS-AC, AP-HMS-AHl, AP-HMS-AH2, AP-HMS-DA, AP-HMS-BO , 
AP-HMS-CDl, AP-HMS-CD2 and AP-HMS-CD3 respectively) than that of the parent 
silica (HMS) (909 nf/g). This decrease can be explained on the basis that with the 
introduction of organic functional groups to the silica surface, there is a partial blockage 
of the pores which are indirectly responsible for the surface area. As far as the BJH 
average pore diameter is concerned, the hybridised silicas pores are bigger (29.74, 13.68, 
30.88, 30.50, 85.03, 108.54, 61.91, 73.51, 45.08, 44.50 and 49.65) than that of the parent 
silica (HMS) (27.9). The wall thiclaiess of hybridised materials increases after 
functionalisation of the parent silica (HMS). These increases may be attributed to the 
attachment of pendant arm groups on the surface which undoubtedly will increase the 
thicloiess of the wall and will make the pores wider.
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Fig 3.53 Nitrogen adsorption isotherms of parent HMS silica (Inset) pore size 
distributions
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Fig 3.54 Nitrogen adsorption isotherms of AP-HMS silica (Inset) pore size distributions
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Fig 3.55 Nitrogen adsorption isotherms of AP-HMS-AK silica (Inset) pore size 
distributions
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Fig 3.56 Nitrogen adsorption isotherms of AP-HMS-AM silica (Inset) pore size 
distributions
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Fig 3.57 Nitrogen adsorption isotherms o f AP-HMS-AC silica (Inset) pore size 
distributions
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Fig 3.58 Nitrogen adsorption isotherms of AP-HMS-AHl silica (Inset) pore size 
distributions
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Fig 3.59 Nitrogen adsorption isotherms of AP-HMS-AH2 silica (Inset) pore size 
distributions
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Fig 3.60 Nitrogen adsorption isotherms of AP-HMS-DA silica (Inset) pore size 
distributions
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Fig 3.61 Nitrogen adsorption isotherms of AP-HMS-BO silica (Inset) pore size 
distributions
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Fig 3.62 Nitrogen adsorption isotherms of AP-HMS-CDl silica (Inset) pore size 
distributions
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Fig 3.63 Nitrogen adsorption isotherms of AP-HMS-CD2 silica (Inset) pore size 
distributions
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Fig 3.64 Nitrogen adsorption isotherms of AP-HMS-CD3 silica (Inset) pore size 
distributions
Having characterized the hybridised silica materials by XRD, elemental analysis and 
nitrogen sorption, the next section presents the results obtained from IR characterisation 
of these materials and these are now discussed.
3.6.4 IR characterisation
Infrared spectroscopy was used in order to identify the immobilisation of various organic 
moieties onto the surface of HMS mesoporous. Fig. 3.65 gives the FT-IR pattern of the 
parent AP-HMS, AP-HMS-AK, AP-HMS-AM and APHMS-AC hybridized silicas. A 
large broad band between 3200 and 3400 cm“  ^ of the HMS silica spectrum is attributed to 
the presence of the OH stretching frequency of silanol groups and also to the remaining 
sorbed water. The broad and intense band at 1040 cm”* was assigned to the siloxane 
vibration (Si-O-Si), while the Si-0 bond stretching was detected at 958 cm”*. Other bands 
at 801 and 472 cm”* were due to Si-O-Si stretching and Si-O-Si bending, respectively^*^. 
In the spectra of all HMS modified silicas, the new bands at 2961 and 2870 cm”* are 
assigned to the symmetrical and asymmetrical (C-H) stretching frequency. These are due 
to the presence of the carbon chain of APTMS spacer groups. After functionalization by 
different organic moieties, the new band at around 1400 cm * is ascribed to the stretching 
vibrations of the C-N bond. The FT-IR spectrum of the AP-HMS-AC sample shows an
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extra peak at ca 1650 cm'* assigned to the C=0 stretching vibration of the acetamide 
group. For AP-HMS-AH (Fig. 3.66) additional vibrations at ca 1705 cm'*, characteristic 
of the C==0 stretching vibration of the carboxylic function are found. As far as the AP- 
HMS-DA and AP-HMS-BO (Fig. 3.66) materials are concerned, these show additional 
bands at around 1640 cm * which might be attributed to the stretching vibrations of the 
C=C of the benzene rings present in these two materials.
Fig. 3.67 gives the FT-IR pattern of the parent AP-HMS and the hybridized silicas with 
different loading of rojy/-^-Cyclodextrin. This plot shows bands at 3325, 2940, 2886, 
1650, 1550 and 1388 cm'* associated with the characteristic vibrations of /?-Cyclodextrin 
(Table 3.19), suggesting that the /?-cyclodextrin structure remain intact inside the pores of 
the mesoporous material upon reaction. Another important observation to stress is the 
intensity increase in the peaks with the increase of the load of the material with p- 
cyclodextrin.
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Fig 3.65 FTIR spectra of AP-HMS, AP-HMS-AK, AP-HMS-AM and APHMS-AC
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Fig 3.66 FTIR spectra of HMS, AP-HMS-AHl, AP-HMS-AH2, AP-HMS-DA and AP- 
HMS-BO
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Fig 3.67 FT-IR of AP-HMS, AP-HMS-CDl, AP-HMS-CD2 and AP-HMS-CD3
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Table3.19 Infrared absorption frequencies (cm‘ )^ of ^ -cyclodextrin^^^ and of AP-HMS- 
CDs modified silicas
^-Cyclodextrin AP-HMS-CDs Bonds assignments
3391 — v(OH) of primary and secondary OH groups
2924 v(C-H) of hydrogen in CHz and CH of the glycodidic ring
2932 v(C-H) asymmetrical of hydrogen in CH iof aminopropyle spacing group
—— 2877 v(C-H) symmetrical of hydrogen in CH2 of aminopropyl spacing group
Ô(HOH) of two different
1642 1653 types of water molecules existing in the cavity of 
P-CD
1459 1436 cp(OCH), cp(HCH)
1420 1412 (p(OCH), cp(CCH)
1348 1388 tp(CCH), (p(OCH), (p(COH)
1158 1149 v(C-O-C)
1026 1036 v(C-0-C),v(Si-0-Si)
800 v(Si-OH)
3.6.5 Thermogravimetric (TG) analysis
Thermogravimetric analysis was used to establish thermal stabilities of different silicas. 
Results of these analyses are shown in Figs.3.68 to 3.82.
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Fig 3.68 TG pattern of parent Hexagonal Mesoporous Silica (HMS-Cal)
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Fig 3,69 TG pattern of parent Hexagonal Mesoporous Silica (HMS-EtOH)
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Fig 3.70 TG pattern of Hexagonal Mesoporous Silica-aminopropyi Silane (AP-HMS)
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Fig 3.71 TG pattern of Hexagonal Mesoporous Silica-ketone (AP-HMS-AK)
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Fig 3.72 TG pattern of Hexagonal Mesoporous Silica-amine (AP-HMS-AM)
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Fig 3.73 TG pattern of Hexagonal Mesoporous Silica-acetamide (AP-HMS-AC)
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Fig 3.74 TG pattern of Hexagonal Mesoporous Silica-maleic anhydride (AP-HMS-AHl)
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Fig 3.75 TG pattern of Hexagonal Mesoporous silica-maleic anhydride (AP-HMS-AH2)
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Fig 3.76 TG pattern of Hexagonal Mesoporous Silica-phenylboronic acid (AP-HMS-BO)
3.8 0.12
- 0.103.7 -
-0 .083.6 -
-0 .063.5
-0 .04Î -0.023.3 -
-0.003.2 -
0.023.1 -
3.0 0 200 400 600 800 1000
I
T em p e r a t u r e  ("C)
Fig 3.77 TG pattern of Hexagonal Mesoporous Silica-Cyclodextrin (AP-HMS-CDl)
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Fig 3.78 TG pattern of Hexagonal Mesoporous Silica-Cyclodextrin (AP-HMS-CD2)
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Fig 3.79 TG pattern of Hexagonal Mesoporous Silica-Cyclodextrin (AP-HMS-CD3)
221
Chaptre.3 Results & discussions
5.0 0.08
4.9 -0.06
4.8 -0.04
4.7 -0.02
4.6 - 0 .00
4.5 - 0.020 200 400 600 800
Temperature (®C)
Fig 3.80 TG pattern of Silica-aminopropyie Silane (AP-HMS)
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Fig 3.81 TG pattern of Silica-aminopropyle Silane calixpyrrole obtained by the 
homogeneous methodology (AP-SIL-CP)
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Fig. 3.82 TG pattern of Silica-aminopropyle Silane calixpyrrole obtained by the 
heterogeneous methodology (AP-SIL-CP)
All the plots shown above present a very small weight loss at low temperatures (ca. 70° 
C), which may be ascribed to the removal of physically adsorbed water by the 
m a t e r i a l s ^ I n  the parent silica (HMS) this loss results from the dehydration of the 
silanol groups. This is a clear indication that the material is free of any organic species 
and the hot ethanol extraction of the surfactant has been efficient. As far as the modified 
silicas are concerned the thermograms show that weight losses occur in two stages. The 
first one at ca. 200° C is ascribed to the desorption and the decomposition of the organic 
pendant arms attached to the wall pores of silica. The second stage at ca 450° C can be 
assigned to coke calcinations. The AP-HMS-AK, AP-HMS-AM, AP-HMS-AC, AP- 
HMS-AHl, AP-HMS-AH2, AP-HMS-DA, AP-HMS-BO , AP-HMS-CDl, AP-HMS- 
CD2 and AP-HMS-CD3 thermograms exhibit an evident difference in comparison with 
the AP-HMS thermogram in that they undergo a greater weight loss (more than 5 %) at 
temperatures above 400° C. This higher loss in weight may be attributed to the extra 
pendant arms attached to the aminopropyltrimethoxysilyl (unique group in HMS parent 
silica). As far as the thermogram for the silica modified by calixpyrrole is concerned 
(obtained through the heterogeneous method) it shows a greater weight loss than the one 
modified with the homogeneous method (more than 3 %). In fact both silicas show a 
higher loss in weight than the parent aminopropyl modified silica. Table 3.20 gives a
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detailed assessment on weight losses and the final temperatures (°C) of calcinations of 
different modified silicas.
Table 3.20 TG weight loss of different modified silicas
Material T(°C) Weight loss (%)
HMS 896.00 3.06
AP-HMS 896.71 10.39
AP-HMS-AK 896.65 25.89
AP-HMS-AM 885.02 26.29
AP-HMS-AC 896.45 20.69
AP-HMS-AHl 896.64 25.33
AP-HMS-AH2 864.65 30.59
AP-HMS-DA 896.64 13.5
AP-HMS-BO 896.63 12.31
AP-HMS-CDl 896.69 21.10
AP-HMS-CD2 896.56 15.75
AP-HMS-CD3 894.47 15.82
AP-SIL 896.94 4.63
AP-SIL-CP Hom 896.70 9.58
AP-SIL-CP Het 896.70 13.07
The following section reports the results obtained from Mass NMR analysis.
3.6.6 MAS “ C NMR analysis
'^C MAS NMR spectra shown in Fig.3.83 are those for AP-HMS, AP-HMS-AK, AP- 
HMS-AM and AP-HMS-AC. They provide useful information regarding the nature of 
organic moieties incorporated onto the mesoporous silica. The three signals at 41.51, 
20.73 and 7.64 ppm, common to all the spectra of modified mesoporous silicas, are 
assigned to the C-3, C-2 and C-1 of the aminopropylsilane group (-0-
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)3SiCH2(l)CH2(2)CH2(3)NH2, respectively. The new signals at 60.92, 62.54, 238.18 ppm 
are assigned respectively to the methylene carbon in the -NH(CH2)-CO-CH3 group in 
AP-HMS-AK, the methylene -N(CH 2-CH3)2 of the amine and the acetamide groups in 
AP-HMS-AM and AP-HMS-AC and the carbonyl NH-CH2-CO-N(CH2-CH3)2 of the 
acetamide function in AP-HMS-AC. As far as the ketone function is concerned, this 
appears at 173.69 ppm. The spectrum of the parent HMS does not show any signals, 
which confirm the absence of surfactant in the material. The broad peaks at 129 ppm and 
200 ppm may be attributed to the carbonyl group of the carbonate used during the 
synthetic process.
0
Fig 3.83: Patterns of solid-state '^C NMR spectra of (a) AP-HMS, (b) AP-HMS-AK, (c) 
AP-HMS-AM, (d) AP-HMS-AC
The ^^ C Mass NMR spectra of AP-HMS, AP-HMS-AHl, AP-HMS-AH2, AP-HMS-DA 
and AP-HMS-BO are shown in Fig. 3.84. The spectrum of AP-HMS-AH material shows 
two additional peaks. The first one at ca 134 ppm which may be attributed to the ketone 
function moiety next to the nitrogen atom and the second one at ca 174 ppm which 
integrates at least three peaks; the carbon sp^ of the double bond and the carbonyl group 
of the carboxylic acid function. Concerning AP-HMS-DA and AP-HMS-BO, it should be 
noted that the carbon linked to the amino group (C-3) shifted to 45 ppm because of the 
new environment of the benzene ring, while the carbon at 60 ppm should be attributed to
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the secondary carbon built up from the Mannich reaction and linking the 
aminopropylsilane with the benzene ring.
\X__
W
ÂAiL
Fig 3.84 Patterns of solid-state NMR spectra of (a) AP-HMS, (b) AP-HMS-AHl, (c)
AP-HMS-AH2, (d) AP-HMS-DA, (e) AP-HMS-BO
In Fig. 3.85 are shown the Mass NMR of AP-HMS, AP-HMS-CDl, AP-HMS-CD2 
and AP-HMS-CD3. In addition to the previously assigned carbons of the aminopropyl 
si lane group, new peaks at 56.72, 58.63 71.38, 73.34 and 99.54 ppm are shown and can 
be assigned respectively to C-6, C-2, C-3, C-5 (which come together) and the anomiric 
carbon C-1 of the /?-cyclodextrin molecule. The broad peak at 162.7 ppm is attributed to 
the carbonyl function of the solvent (DMF) which may be attached to the mesoporous 
surface as well. The same result was found by Xie and Hayashi^*^ when they intercalate a 
kaolinite with NMF, DMF and folic acid (FA). The effect of loading the material with p- 
cyclodextrin is obvious from the intensities of the peaks which are important in AP-HMS- 
CD2 and AP-HMS-CD3 in comparison with AP-HMS-CDl.
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Fig 3.85 Patterns of solid-state NMR spectra of (a) AP-HMS, (b) AP-HMS-CDl, (c) 
AP-HMS-CD2, (d) AP-HMS-CD3
The *^ C MAS NMR spectrum of silica bonded to meso-tetramethyI-tetrakis-(4- 
hydroxyphenyl) calix[4]pyrrole (Fig. 3.86) shows that the calixpyrrole was successfully 
bonded to the silica gel surface by using the heterogeneous methodology. However the 
homogeneous methodology (using 18-0-6 and K 2C O 3 or triethylamine as catalysts) failed 
to graft calixpyrrole to silica. Assignment of peaks is shown in Fig. 3.86. The resolution 
of the spectrum is not good enough as to distinguish between the aromatic carbons of the 
benzene and pyrrolic rings. The spacer to the silica surface and the atom linking nitrogen 
to the benzene ring as well as to the C H 3 and the quaternary carbon of the bridge carbons 
can be clearly assigned. The relatively high intensity of peaks in the aromatic region 
indicates that an important amount of calixpyrrole is chemically bonded to the silica 
surface. In phase (b) and (c), the highest intensity in the NMR spectra is due to the 
methylene - ( C H ) 2- groups of the immobilised propyl silane. The intensities of the
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calixpyrrole are very small as far as phase (c) is concerned and null in phase (b) in 
comparison with phase (a).
•CH,
CH.
NHOH
PytTole and bem ene lings
11 4
a
200 too
Fig 3.86 Patterns of solid-state NMR spectra of (a) AP-SIL, (b) AP-SIL-CP-Hom (18- 
C-6), (c) AP-SIL-CP Hom (triethylamine), (d) AP-SIL-CP Het
Having characterised these materials by different techniques, their practical applications 
are explored and this is now discussed.
3.7 Removal of pollutants (pesticides, polyphenols, dyes and metal 
cations) from aqueous solutions
As previously stated in the Experimental Part, batch equilibrium experiments were 
performed at 298.15 K to know whether or not the material is able to uptake a given
228
Chaptre.3 Results & discussions
pollutant. For this reason volumes of 10 ml of fixed concentrations of pollutants (1 x 10'  ^
mol.dm*^ for organic pollutants and ICO ppm for metal cation salts) were placed in test 
tubes containing the material (O.lg) to be tested. The mixtures were left in a thermostated 
bath at 298.15 K for 12 h in order to attain equilibrium. Then the solution was filtered 
through a 0.45 pm syringe filter and then analyzed for pollutant using the appropriate 
analysis method.
The initial and final concentrations of pollutants were evaluated from linear calibration 
curves obeying the Beer-Lambert law*^  ^ in both cases UV and atomic absorption 
spectroscopy. The removed concentration of pollutant by the material was calculated as 
stated before from the difference between the initial (cj) and equilibrium (Ceq) 
concentrations of pollutants in aqueous solution. The effects of different parameters on 
the extraction of pollutants are now discussed.
In this part the results will be discussed in the following order:
• Extraction of gallic and tannic acids and xylenol oronge from aqueous solutions 
by AP-HMS silica.
• Extraction of 2,4-D and NAA from aqueous solutions by AP-HMS-AC silica.
• Extraction of 2,4-D from aqueous solution by AP-HMS-AM silica.
• Extraction of copper and lead nitrate from aqueous solutions by AP-HMS-AH 
silica.
• Extraction of sodium chloride from aqueous solutions by AP-HMS-BO and 
sodium fluoride from aqueous solutions by AP-HMS-CP silica.
• Extraction of 2,4-D from aqueous solutions by AP-HMS-CD silica.
• Calorimetric studies on interactions involving pollutants (polyphenols, dyes and 
metal cations) and HMS modified silicas in aqueous solutions.
3.7.1 Extraction of gallic and tannic acids and xylenol orange from aqueous 
solutions at 298.15 K: Optimization of the process.
Before proceeding with the extraction of gallic and tannic acids and xylenol orange with 
AP-HMS, preliminary experiments were carried out with the HMS parent silica and the 
results show that the removal percentages are very low.
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3.7.1.1 Effect of equilibration time on the removal of gallic and tannic acids and 
xylenol orange by AP-HMS from aqueous solution a t 298.15 K.
Plots of the percentage of gallic and tannic acids and xylenol orange removed from 
aqueous solution versus the equilibration time at 298.15 K are shown in Fig. 3.87. 
Examination of these plots shows that the kinetics of the extraction process involving 
gallic and tannic acids and xylenol orange from aqueous medium by AP-HMS is very 
fast.
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Fig 3.87 Percentages of gallic and tannic acids and xylenol orange removed from aqueous 
solutions by AP-HMS as a function of equilibration time at 298.15 K; ci = 1 x 10'  ^ mol 
dm'^ ; S/L (gallic and tannic acids); = 7.5 g.dm"^ ; S/L (xylenol orange) = 3.5 g.dm'^ pH, 
(gallic acid) ~ 3.4; pH, (tannic acid) ~ 3.7; pH,- (xylenol orange) ~ 2.42
The maximum removal of gallic acid from aqueous medium (85 %) by AP-HMS was 
attained within the first 10 minutes. Then the percentage of removal increases to ca 98 % 
on further increase of the contact time. This can be explained on the basis that the 
material has appreciable binding interactions with the target guest compound when tlie 
period of time is longer.
The maximum removal (45%) of xylenol orange is achieved within 10 minutes. Then, the 
removal percentage becomes almost constant since there is no appreciable change
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observed with increasing the contact time between the pollutant in aqueous solution and 
the material.
As far as tannic acid is concerned, a removal percentage by the same material is 98 % was 
reached in 10 min. This is followed by a decrease to ca 90 % on further increase in the 
contact time. This can be explained on the basis that the material is able to interact 
strongly with the target guest compound when the sites are largely unoccupied. However, 
as the saturation of these sites is approached, the binding capacity of the material 
decreases.
Thus the retention process can be divided mainly in two steps, (i) The first one (where the 
equilibrium time is less than 10 min corresponds to a rapid retention, (ii) The second 
process (which occurs after 10 min) represents a progressive fixation which is stabilised 
after certain time of retention indicating that the equilibrium was reached.
An equilibration period of 12 hours was chosen to use in all further batch experiments to 
ensure equilibrium.
3.7.1.2 Effect of solid/liquid ratio on the removal of gallic and tannic acids and 
xylenol orange by AP-HMS from aqueous solution a t 298.15 K
Plots of the percentages o f removal of gallic and tannic acids and xylenol orange, by AP- 
HMS hybridised silica from aqueous solutions versus the solid/liquid ratio are shown in 
Fig. 3.88.
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Fig 3.88 Effect of solid/liquid ratio on the uptake of gallic and tannic acids and xylenol 
orange by AP-HMS from aqueous solution at 298.15; Ci = 1 x 10'  ^ mol.dnf^; pH,- (gallic 
acid) = 3.42; pHj (tannic acid) = 3.70, pH, (xylenol orange) = 2.42; t  = 12h
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Plots of the percentages of removal of gallic and tannic acids and xylenol orange from 
aqueous solutions by the AP-HMS material (Fig. 3.88) against solid/liquid ratio reveal 
that: the percentage of gallic acid removed from aqueous solution by AP-HMS increases 
rapidly from 30 to 85 % with an increase of the solid/liquid ratio from 2.5 to 6.7 g/1. and 
then it remains almost constant.
A similar behaviour was found for tannic acid and xylenol orange. As the solid/liquid 
ratio increases from 2.5 to 5.5 g/1 and from 1 to 14 g/1 for tannic acid and xylenol orange, 
the percentage of these pollutants removed by AP-HMS from aqueous solutions increases 
respectively from 40 to 97 % and from 22 to 75 %. Then they undergo stabilization due to 
the saturation of the material. The optimum solid/liquid ratios for the removal of these 
species from aqueous solutions were found to be 6.7 g/1, 5.5 g/1 and 3.5 g/1 for gallic and 
tannic acids and xylenol orange, respectively when their concentration in aqueous 
solutions was 10"^  mol.dm'^. The increase in the amount of pollutant removed from 
aqueous solution with an increase of the solid/liquid ratio can be explained on the basis of 
an increase of the number of active sites available to interact with the pollutant when the 
mass of the material increases.
3.7.1.3 Effect of the solution pH on the removal of gallic and tannic acids and 
xylenol oronge by AP-HMS from aqueous solution at 298.15 K
Plots of the percentage of removal of gallic and tannic acid and xylenol orange versus the 
pH of the solution at 298.15 K are shown in Fig. 3.89.
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Fig 3.89 Effect of pH on the removal of gallic and tannic acids and xylenol orange from 
aqueous solutions by AP-HMS at T = 298.15 K, Cj = 1x10’^  mol dm'^, t  = 12 h
The three contaminants show the same behaviour in the lower pH range where the 
percentage of uptake is relatively low. As the pH increases from 1 to 2, the percentage of 
xylenol orange removed from aqueous solution increases substantially to 98 %. When the 
pH increases from 2 to 4 the percentage of gallic acid removed increases dramatically. 
This is even more pronounced for tannic acid to the extent that at pH 5.5, the removal 
percentage of tannic acid increases to 95%.
It is expected that the amino moieties in the material are protonated below pH 9-10. As 
far as gallic acid, C00HPh(0H)3 is concerned, in the interpretation of the extraction data 
the following dissociation steps need to be considered, 
COOH’Ph^ {pH\ -Ph^ {OH\ <- f^~>COO- ^ Ph- {OH\ Q- >Ph^{ OH) Q,
The pKa values of gallic acid in water are those from the literature^'\ Bteween pH 1-3, 
the predominant species in aqueous medium will be the undissociated acid and therefore 
the percentage of removal is very low. As the concentration of anionic species increases 
by increasing the pH of the aqueous solution, a higher interaction between the protonated 
amine in AP-HMS and the anionic species in aqueous medium occurs, leading to an 
increase in the percentage of acid removed to an extent that the maximum percentage of 
extraction is found in the 4-8 pH range. As the amount of the protonated amine in AP- 
HMS decreases at higher pHs (9-11) the removal properties of the mesoporous material
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decreases. Thus at pH 9, the ability of this material to extract the acid is significantly 
reduced. A similar behaviour is shown by tannic acid.
Concerning xylenol orange the following spéciations have to be considered during the 
interaction with AP-HMS in aqueous solution:
H^XO<- ^ f - >H,XO- <■ -> H^XO^- <- ^ - >  H ,XO ^  < -g ;  ->H^XO'- < >HX&-
According to the pKa values given in the iiterature^'^ at lower pH <1.5  tiie predominant
species are the undessociated forms {H ^XO) of xylenol orange hence the percentage of
removal is low. The increase of pH (> 2) leads to an increase of anionic species in 
aqueous solution and a higher interaction between the protonated amine in AP-HMS and 
the anionic species of xylenol orange leading to an increase in the percentage of xylenol 
orange removed to an extent that the maximum percentage of extraction is found at pH = 
2.2. At higher pHs (9-11) the amount of protonated amine decreases and it is expected 
that the removal percentage of xylenol orange decreases, However this is not the case. 
This indicates that other mechanisms are controlling the interaction between xylenol 
orange and AP-HMS. Dental et found that the pH is not an important factor in the 
uptake of tannic acid by montmorillonite-based sorbents.
3.7.1.4 Determination of the uptake capacity of the AP-HMS material towards 
gallic and tannic acids and xylenol orange
In Fig. 3.90 are displayed the amounts of gallic and tannic acids and xylenol orange 
removed per unit of mass (g) of the material as a function of the equilibrium 
concentration at 298.15 K.
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Fig 3.90 Removal isotherms of gallic and tannic acids and xylenol orange by the AP- 
HMS material at 298.15 K, pHj (gallic acid) = 3.4, pH, (tannic acid) = 3.75, pHj (xylenol) 
= 2 .4 , t= 1 2 h )
The existence o f a plateau in all isotherms indicates that saturation of the surface of the 
material has been reached. The retention behaviour of the three pollutants is similar, with 
differences in the amounts removed. Furthermore the material shows a higher affinity to 
remove gallic than tannic acid and xylenol orange.
The higher uptake of gallic relative to tannic acid and xylenol orange may be explained 
on the basis that the size of gallic acid is smaller than that of the others. Therefore the 
pores of the material are more accessible to gallic acid relative to tannic acid or xylenol 
orange.
Beyond the effect of the material pore size and the molecule diameter there must be an 
affinity between the solute and the sorbent which induces the sorption to the point 
observed. The replacement of hydroxyl groups in HMS with aminopropyl groups 
enhances the hydropbobicity of the mesoporous material and hence provides particular 
affinity for non polar molecules. Dental et studied the sorption of tannic acid, 
phenol and 2,4,5-trichlorophenol on organo-clays and found that hydrophobic 
modification of the organo-clay enhances solute uptake. Punyapalakuli et studied 
the uptake of alkylphenol polyethoxylates on modified mesoporous silica and explained 
the mechanism o f uptake by the difference between the area-per-molecule available on 
the host material, and the contactable surface area of the guest molecule. A number of
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uptake mechanisms were proposed in the literature. The term sorption becomes very 
significant rather than adsorption.
3.7.2 Optimization of 2,4-D and NAA extraction by AP-HMS-AC silica from 
aqueous solutions
Before proceeding with the extraction of 2,4-D and NAA with AP-HMS-AC preliminary 
experiments of the removal of these pollutants with AP-HMS show that this material has 
a very low affinity towards these pollutants.
3.7.2.1 Effect of equilibration time on the removal of 2,4-D and NAA by AP-HMS- 
AC from aqueous solution a t 298.15 K
Plots of the percentage of removal of 2,4-D and NAA versus the time at 298.15 K are 
shown in Fig. 3.91.
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Fig 3.91 Percentage of 2,4-D removed from aqueous solution by AP-HMS-AC versus 
equilibration time at 298.15 K ; c, = 1 x 10'^ mol.dm'^ ; S/L = 5g/1 ; pHj (2,4-D) ~ 3.3
Examination of plots of percentage of removal of herbicides by AP-HMS-AC shows that 
the process of retention of 2,4-D and NAA from aqueous medium is very fast. A 
percentage of 50 % of 2,4-D removed from aqueous medium was attained within the first 
10 min, then the percentage of removal increases to ccf 75 % on further increase of the 
contact time to stabilize at about 70 % when the contact time was 90 min. The 
percentage of removal attained for NAA was 20 % within 10 min. Then increases to 40 %
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and then it remains stable. According to the literature the removal o f pesticides from 
aqueous solution requires a long equilibrium time. Vinod et found that the time 
necessary to reach saturation of 2,4-D and carbofuran on industrial waste materials 
(fertilizer and steel) was 90 min, while Bruna et reported a period of 2 h as the 
equilibration time for the removal of carbetamide and metamitron on an 
organohydrotalcite material.
3.7.2.2 Effect of solid/liquid ratio on the removal of 2,4-D and NAA by AP-HMS- 
AC from aqueous solution at 298.15 K
In Fig. 3.92 are displayed the percentages of removal of 2,4-D and NAA versus the solid / 
liquid ratio at 298.15 K.
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Fig 3.92 Effect of solid/liquid ratio on the uptake o f 2,4-D and NAA by AP-HMS-AC 
from aqueous solution at 298.15; c, = 1 x 10"^  mol.dm'^; pH, (2,4-D) = 3.1; pHj (NAA) = 
3.62; equilibrium time = 12 h
Plots of percentages of removal of 2,4-D and NAA from aqueous solutions against the 
solid/liquid ratio reveal that:
The percentage of 2,4-D removed from aqueous solution by AP-HMS-AC (Fig. 3.92) 
increases rapidly from 60 to 80 % with an increase of the solid/liquid ratio from 2 to 6 g/1.
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On further increase of the solid liquid ratio up to 6 g/1 the percentage of 2,4-D removed 
becomes almost constant.
A similar behaviour was found for NAA. As the solid/liquid ratio increases from 2 to 15 
g/1, the percentage of NAA removed by AP-HMS-AC from aqueous solution increases 
from 40 to 70%. Then it stabilises on a further increase of the solid/liquid ratio up to 15 
g/1. The optimum solid/liquid ratio was found to be 3 g/1 and 3.7 g/1 for 2,4-D and NAA 
respectively when the concentration of the pollutant in aqueous solution was 1 x 10'^
mol .dm-3
3.7.2.3 Effect of the solution pH on the removal of 2,4-D and NAA by AP-HMS-AC 
from aqueous solution a t 298.15 K
Plots of the percentage of removal of 2,4-D and NAA versus the pH o f the solution at
298.15 K are shown in Fig. 3.93.
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Fig 3.93 Effect of pH on the removal of 2,4-D and NAA from aqueous solution by AP-
HMS-AC at 298.15 K, c; = 1x10'" m ol.dm '\ t = 12 h
From these plots it is clear that the two contaminants have a similar behaviour, in the 1-2 
pH range where the percentage of removal is low. An increase of pH from 1 to 3 for 2,4- 
D and from 1 to 4 for NAA results in a huge increase of the percentage of contaminant 
uptaken (80 % for 2,4-D and 60 % for NAA) by the material. On further increase of the 
pH up to 10, the uptake percentages became almost nil.
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In the interpretation of the extraction data of 2,4-D and NAA the following dissociation 
steps need to be considered,
COOH.{OCH^).Ph.{Cl\ > COO-.{OCH^).Ph.{Cl\
COOH.CH^.Ph^ COO-.CH^.Ph^
At low pH the predominant species of 2,4-D and NAA acids are for both, the 
undissociated species. Therefore no interaction is seen between the already protonated 
AP-HMS-AC and the undissociated acids. As the pH of the aqueous solution increases, 
the concentrations of the anionic species increase and hence interactions between these 
species and the protonated AP-HMS-AC occur. Therefore an increase in the percentages 
of removal of both acid herbicides is seen and the maximum extraction is at pH = 3 for
2,4-D and pH = 4 for NAA..
At higher pHs an excess of ammonium hydroxide deprotonates completely the AP-HMS- 
AC material. The ability of this material to extract these two pesticides is now reduced 
because of the repulsive attraction between the material negatively charged and the 
anionc species of 2,4-D and NAA.
From these findings the following conclusions can be drawn:
i) The interaction between the material and the contaminant is dominated by proton 
transfer.
ii) The complex between the pesticide and AP-HMS-AC is formed in two stages: the first 
one is the protonation process and the second one is the association process.
A number of mechanisms of retention of pesticides have been proposed depending on the 
structure of the pesticide and the material used in the extraction process, namely 
coordination bond between donor atoms of pesticides (nitrogen and oxygen) and 
acceptors. These types of bonds have been highlighted in the case of the interaction of Zr 
and Al-pillared bentonites and 3-chloroaniline and atrazine in aqueous solutions^^"*. 
Weak-base pesticides are sorbed on smectites by physical sorption (van der Waals and 
dipole-dipole interactions) and by hydrogen bonding with H2O molecules coordinated to 
the interlayer cations.
3.7.2.4 Determination of the uptake capacity of AP-HMS-AC material towards 2,4- 
D and NAA
In Fig, 3.94 are displayed the amounts of 2,4-D and NAA removed per unit of mass (g) as 
a function of the equilibrium concentration at 298.15 K.
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Fig 3.94 Removal isotherms of 2,4-D and NAA from aqueous solutions by AP-HMS-AC 
material at 298.15 K, pHj (2,4-D) = 3.3, pH; (NAA) = 4.1, t  = 12 h
The removal capacities have been evaluated from the isotherms represented in Fig, 3.94. 
The results show that AP-HMS-AC has a higher removal capacity for 2,4-D than NAA. 
This is probably due to the fact that 2,4-D has a smaller size than the NAA and hence has 
more accessibility to enter the material pores.
3.7.3 Optimization of 2,4-D extraction by AP-HMS-AM silica from aqueous 
solutions
3.7.3.1 Effect of the equilibration time on the removal of 2,4-D by AP-HMS-AM 
from aqueous solution a t 298.15 K
Fig. 3.95 shows the percentage of removal of 2,4-D from aqueous solution versus time at
298.15 K by AP-HMS-AM.
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Fig 3.95 Percentages of 2,4-D removed from aqueous solution by AP-HMS-AM as a 
function of time at 298.15 K; cj = 1 x lO'  ^mol.dm'^; s/1 = 10 g/1 ; pH (2,4-D) ~ 3.3
Inspection of Fig. 3.95 shows that the process of retention of 2,4-D from aqueous medium 
by AP-HMS-AM is slower than that involving the acetamide hybridized material (AP- 
HMS-AC). A percentage of 74 % of 2,4-D removed from aqueous medium was attained 
within the first 10 minutes. Then the percentage of removal increases to ca 80 % on 
increasing the contact time to stabilize in one hour ( -  88 % extraction).
3.7.S.2 Effect of solid/liquid ratio on the removal of 2,4-D by AP-HMS-AM from 
aqueous solution a t 298.15 K
In Fig. 3.96, the % of 2,4-D removed from aqueous solution by AP-HMS-AM at 298.15 
K versus the solid/liquid ratio is shown.
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Fig 3.96 Effect of solid/liquid ratio on the uptake of 2,4-D by AP-HMS-AM from 
aqueous solution at 298.15; Ci = 1 x 10'  ^mol.dm'^; pHj = 3.3; equilibrium time = 12 h
The percentage of 2,4-D removed from aqueous solution by AP-HMS-AM (Fig. 3.89) 
increases rapidly from 55 to 67 % with an increase of the solid/liquid ratio from 1 to 8.5 
g/1 . On further increase of the solid/liquid ratio up to 8.5 g/1, the percentage of 2,4-D 
removed becomes almost constant.
3.7.3.3 Determination of the uptake capacity of AP-HMS-AM material towards
2,4-D
Batch equilibrium experiments were performed at 298.15 K for the removal 2,4-D by AP- 
HMS-AM with the aim of determining the capacity of this material to uptake this 
pollutant from aqueous solution relative to the acetamide hybridized material. The 
experimental conditions were the same as for the AP-HMS-AC hybridized material. 
(Weight of hybridized material 0.1 g, volume of solution (10 cm^) and equilibration time 
(12 h)). The pHs o f the initial solutions were found to be around 3.30. In order to avoid 
the addition of interfering ions, batch experiments were performed without adjustment of 
the pH o f the solution.
Thus the amount of 2,4-D removed per unit of mass (g) as a function of the concentration 
at 298.15 K is shown in Fig. 3.90.
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Fig 3.97 Removal isotherm of 2,4-D from aqueous solution by AP-HMS-AM material at
298.15 K, pHi (2,4-D) = 3.3, t = 12 h
This isotherm represents the retention behaviour of 2,4-D on AP-HMS-AM as a function 
o f the concentration. The existence of a plateau indicates that saturation of the surface of 
the hybridized material has been reached. Comparing with the previous material (AP- 
HMS-AC), the retention behaviour of 2,4-D on both materials were similar with a higher 
affinity to AP-HMS-AC. It is seen that AP-HMS-AC has a higher capacity (~ 0.30 
mmol.g'*) than AP-HMS-AM (~ 0.15 mmol.g'^), although the latter has the same mean 
pore diameter than the former but a lower surface area.
Waste effluent contaminated with heavy metal cations (lead, cadmium, copper and 
mercury) is a serious worldwide problem and these are common contaminants in 
wastewaters. The most important characteristic of these metal cations is that they are 
nondegradable and therefore persistent. They present serious environmental problems and 
are dangerous to human health and ecological systems. Considerable attention has been 
paid to the development of technologies for the removal of metal cations from industrial 
wastewater. The following Section concerns the feasibility of HMS modified silica (AP- 
HMS-AH) for the removal of copper, lead, cadmium and mercury ions from 
contaminated waters.
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3.7.4 Optimization of Copper and Lead Nitrate extraction by AP-HMS-AH  
silica from aqueous solutions
Before proceeding with the extraction of metal cations from aqueous solutions by AP- 
HMS-AHl, prilimanary studies were carried out for the removal o f these pollutants by the 
parent AP-HMS material. This material shows very low perecentages of extraction of 
these pollutants from water.
3.7.4.1 Effect of equilibration time on the removal of copper and lead (as nitrates) 
by AP-HM S-AHl from aqueous solution a t 298.15 K
Batch equilibrium experiments were performed for the removal of copper and lead (as 
nitrates) at 298.15 K to evaluate the time required to attain equilibrium. Times between 
10 minutes and 3 hours were investigated, indicating that the maximum percentage of 
metal cation removed occurred within 60 minutes. Plots of the percentage of removal of 
lead and copper (as nitrates) by AP-HMS-AHl versus time at 298.15 K are shown in Fig. 
3.98.
C u ( N O  J
P b ( N O
200
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Fig 3.98 Percentage of copper and lead (as nitrates) removed from aqueous solution by 
AP-HMS-AHl as a function of time at 298.15 K; Ci (Pb(N0 3 )z) = 170 ppm; c; (Cu(N0b)2) 
= 40.5 ppm; s/1 (Pb(N0 3 )2) = 10 g/1 ; s/l(Cu(N0 3 )2) = 24.5 g/1 ; pHj Pb(N0s)2 ~ 3.5; pH, 
Cu(N03)2~3.31
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Inspection of these plots shows that the process of retention of copper and lead (as 
nitrates) from aqueous solutions by AP-HMS-AHl material is relatively fast. As far as 
copper is concerned, 45 % of the initial concentration of this metal cation salt was 
removed from aqueous solution in the first 10 minutes and the maximum removal of 60 % 
was achieved in 120 minutes. A first plateau (55 %) was observed in 60 min, then the 
percentage of removal increases to 60 % to remain constant until the end of the 
experiment. In the presence of lead, the hybridised material removes 50 % of this cation 
salt in the first 10 minutes. Then, after this time no significant changes in the percentage 
of retention was observed.
3.7.4.2 Effect of solid/liquid ratio on the removal of copper and lead (as nitrates) by 
AP-HM S-AHl from aqueous solution a t 298.15 K
Plots of the percentage o f removal of lead and copper (as nitrates) by AP-HMS-AHl 
versus the solid/liquid ratio at 298.15 K are shown in Figs. 3.99.
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Fig 3.99 Effect of solid/liquid ratio on the uptake of copper and lead (as nitrates) by AP- 
HMS-AHl from aqueous solution at 298.15; c, (Pb(NO])2) = 170 ppm; Cj (Cu(N0 3 )2) = 
90 ppm; pHi (lead nitrate) = 3.62; pH, (copper nitrate) = 3.31; equilibration time = 12 h
The percentages o f lead nitrate removed from aqueous solutions by AP-HMS-AHl (Fig 
3.99) increases rapidly from 25 to 80 % with an increase of the solid / liquid ratio from 5
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to 15 g/i. After this ratio, the percentage of lead nitrate retained by the hybridized material 
becomes almost constant.
A similar behaviour was found for copper, as the solid/liquid ratio of the hybridized 
material increases from 5 to 35 g/1 there is a corresponding increase in the percentage of 
the copper nitrate removed from 15 to 80 %. Then, no variation was observed in the 
percentage of copper nitrate retained by the material from aqueous solution.
3.7.4.3 Effect of pH of the solution on the removal of copper and lead (as nitrates) 
by AP-HMS-AHl from aqueous solution at 298.15 K
In order to establish the effect o f the pH of the solution on the removal of heavy metal 
cations from aqueous solution by AP-HMS-AHl, batch equilibrium experiments were 
performed at different pHs in the range from 1.0 to 11. Fig 3.100 shows the effect of the 
pH of the solution on the percentages of copper and lead (as nitrates) removed from 
aqueous solution by the hybridized material at 298.15 K.
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Fig 3.100 Effect of pH on the removal of copper and lead (as nitrates) from aqueous 
solution by AP-HMS-AHl at 298.15 K, Cj (Pb(N0 3 )2) = 200 ppm, Ci (Cu(N0 3 )%) = 100 
ppm, t =  12 h
The pH of the aqueous solution is an important variable which controls the uptake of the 
metal cation at the silica-water interface. At pH 1.0, the hybridized material removes only 
6.0 % of lead nitrate and 1.6 % of copper nitrate from aqueous solution. For 1 < pH < 5.0
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range a significant increase of the removal percentage to 56 and to 50 % for lead and 
copper respectively is observed. The percentage o f copper extraction was stabilized (50 
%) in the 4.5-6.5 pH range while the pH curve of lead shows an inflection point at pH =
5.3 .In  the pH range of 7.0-11.0, the percentage of lead and copper (as nitrates) extracted 
from aqueous solution by this material reaches almost 100 %.
In the interpretation o f results observed for the extraction of copper and lead (as nitiates) 
the following spéciation in the pH diagram of both ions need to be taken into 
consideration.
Cw"+ + 2 0 R -  — ^  C u{O H \ log &, = 11.8 
+ 20H~  —^  Pb{OH)^ log K, = 10.3'
123
Cu2+ CuiOH), Pb2+
7,8 8.6
It is expected that the carboxylic groups in the material are deprotonated (COO") beyond 
pH >4.75. At low pH there is no interaction between the material and the cations due to 
the fact that the -C O O H  function is not a good chelating agent for cations. As the pH 
increases, the concentration o f anionic species increases and the carboxylic functions are 
deprotonated and hence a higher interaction occurs between the cations and the 
deprotonated material leading to an increase in the percentage of copper and lead (as 
nitrates) removed to an extent that the percentages of extractions are found in the 4.5-6 
pH range. At higher pH (around 7-8) the carboxylic groups in the material remain 
deprotonated, it is expected that the material keep the same behaviour towards copper and 
lead cations but due to the high pH these cations precipitate as hydroxydes {C u{O H \ 
and P b{O H \ ) therefore the percentage of extractions reaches 100 %.
3.7 4.4 Determination of the uptake capacity of AP-HMS-AHl material towards 
copper and lead nitrate from aqueous solution at 298.15 K
Batch equilibrium experiments were performed at 298.15 K for each metal cation salt 
with the aim of determining the capacity of AP-HMS-AHl to take up lead and copper (as 
nitrates) from aqueous solution.
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Fig. 3.101 shows the amount of copper and lead (as nitrates) removed per unit of mass (g) 
as a function of equilibrium concentration at 298.15 K
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Fig 3.101 Removal isotherms of copper and lead (as nitrates) from aqueous solution by 
AP-HMS-AHl at 298.15 K, pHi (Cu (NOs)] = 3.31, pHi (Pb (N0s)2) = 3.62, t = 12 h
These isotherms represent the retention behaviour of AP-HMS-AHl for metal cations as a 
function of the equilibrium concentrations of copper and lead (as nitrates). The existence 
of a plateau indicates that saturation of the surface of the hybridized material has been 
reached. Overall, the retention behaviour of the material for copper and lead were similar, 
with a higher affinity for copper than lead.
This material was further investigated for the removal of Cd^^ and Hg^^, Fig. 3.102 shows 
the removal of these two metal cations by the material from aqueous solution.
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Fig 3.102 Removal of Cd^’*' and from aqueous solution by the AP-HMS-AHl 
material at 298.15 K, t = 12 h
From these plots it can be noted that a maximum percentage of (as bromide) by this 
material was 64 % while for Cd^^ the material does not show saturation. Even though 
capacities require the use of a specific amount of the material at different concentration of 
the metal cation; a rough idea can be gained from the solid/liquid ratio.
In Table 3.21 are tabulated the initial, the equilibration concentration of the metal cation 
and the capacity of the metal cation uptaken by the material. The qeq values are not 
consistent they follow a decreasing trend as a function of increasing equilibrium 
concentration, but values of 53-149 mg/g for Cd '^  ^and 17-23 mg/g for Hg^^ obtained are 
within the range of highly effective materials such as those found for aminopropyls, 
propionates(2.24-9 mg/g) and thiol-functionalized materials (16-48.15 mg/g)^^^.
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Table 3.21 Determination of the capacity o f AP-HMS-AHl to remove and Hg^^ 
(bromide as counter-ion) respectively from aqueous solution at 298.15 K
M etal
cation [ M ] i  (ppm) [ M ] c q  (ppm) q e q ( m m o / g ) q c q ( m g / g )
8 3 . 6 7 9 . 9 1 . 3 2 5 1 4 9 . 0
8 3 . 6 8 0 . 3 0 . 3 6 2 4 0 . 7
8 3 . 6 7 9 . 0 0 . 3 2 9 3 6 . 9
8 3 . 6 7 7 . 8 0 . 3 1 2 3 5 . 0
(:dP+
8 3 . 6 7 6 . 1 0 . 3 2 7 3 6 . 8
8 3 . 6 7Z8 0 . 3 7 1 4 1 . 7
8 3 . 6 6 8 J 0 . 4 4 1 4 9 . 6
8 3 . 6 6 2 . 8 0 . 4 9 1 5 5 J
1 1 0 3 . 3 1 1 0 3 . 2 0 . 0 0 0 0 . 0
1 1 0 3 . 3 1 0 3 3 . 0 0 . 0 8 4 1 6 , 8
1 1 0 3 . 3 1 0 2 3 . 0 0 . 0 4 9 9 . 9
1 1 0 3 . 3 1 0 0 3 . 0 0 . 0 4 2 8 . 3
H g " +
1 1 0 3 . 3 7 0 2 . 1 0 . 1 2 3 2 4 . 7
1 1 0 3 . 3 4 5 1 . 3 0 . 1 5 7 3 1 . 5
1 1 0 3 . 3 4 0 1 . 2 0 . 1 3 8 2 7 . 7
1 1 0 3 . 3 4 0 1 . 2 0 . 1 1 5 2 3 . 1
Having studied the extraction properties of silicas modified with small organic moieties 
towards organic and inorganic pollutants, macrocyclic ligands were introduced on the 
surface of silicates in order to develop novel decontaminating agents with highly 
extracting proprties.
In the following section the removal of sodium chloride by amino propyl silane 
mesoporous silica modified with boronic acid (AP-HMS-BO ) and the removal of sodium
250
Chaptre.3 Results & discussions
fluoride by the amino propyl silane silica modified with the Meso-tetramethyl-tetrakis-(4- 
hydroxyphenyl)calix[4]pyrrole (AP-SIL-CP) are discussed.
3.7.5 Extraction of sodium chloride and sodium fluoride by AP-HMS-BO 
and AP-SIL-CP silicas respectively from aqueous solutions
3.7.5.1 Calibration curve of the ion selective electrode for the determination of 
sodium in aqueous solution
As stated in the Experimental Part, the calibration curve of the ion selective electrode for 
sodium was performed to determine the unlcnown concentration o f sodium removed by 
the silica material.
Ion-selective electrodes do not measure concentration, but activity. This is defined as the 
product of concentration and activity coefficient (a = y c). The activity coefficient is 1 at 
infinite dilution, and its value depends on the concentration and valence o f all ions present 
in the solution. According to the limited Debye-Hückel expression for dilute aqueous 
solutions
l o g ~ - 0 . 0 5 9 yj l  (3.16)
(3.17)
In eqs. 3.16 and 3.17, z is the valence of the ion, I is the ionic strength, Cj is the molar 
concentration of i‘*’ ion present in the solution and Z[ is its charge.
Concentration and activity are grossly dissimilar quantities. These instruments are used as 
comparators and the results are quasi-transformed by assuming constant activity 
coefficients. However, the activity coefficients of the samples considerably influence the 
results.
The activity of the ionic species and hence the concentration, is calculated from the 
Nernst equation,
RTE -constant.+ — \oga^^^ (3.18)
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In eq. 3.18, R, T, F, n and a denote the gas constant (8.314 J K*‘ moi'^), the absolute 
temperature (K), the Faraday constant (96487 C mol'*), the number o f elections involved 
in the reaction and the activity of the sodium cation respectively.
Fig. 3.103 shows the calibration curve for the sodium ISE by using 0.1 mol dm'^ of 
sodium chloride (Fig. 3.103-a) or sodium fluoride (Fig. 3.103-b) in water. A linear 
relationship is obtained between the potential (mV) and log [Na^].
I
3.6-, -----------------------------------------
3.8- \  (a) (b)
3.4- ® \3,6- \
\ \3.4- 3.2-
\
3.2- \ 3.0- '\o\  ^'e T3.0- 2.8- TV2.8- ®\
2.6- 2.6 - V = -60.08 X + 66.98 6 .Y = -59.79 X + 60.45 ^ 2 A
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Fig. 3.103 Calibration curves for the sodium cation using chloride (a) and fluoride (b) as 
counter ions at 298.15 K
The percentages of NaCl and NaF removed from aqueous solutions by AP-HMS-BO and 
AP-SIL-CP respectively (Fig.3.104) increase from 10 to 14 % for NaCl and from 15 to 35 
% for NaF with an increase of the solid/liquid ratio from 2.0 to 4.0 g/1 and from 2.0 to 12 
g/1 of the material for NaCl and NaF respectively. On further increase of the solid/liquid 
ratio, the percentage of NaCl and NaF removed become almost stable.
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Fig. 3.104 Percentages of NaCl and NaF removed from aqueous solutions by AP-HMS- 
BO and AP-SIL-CP as a function of the solid/liquid ratio at 298.15 K; Cj = 0.1 mol.dm'^
The results show that optimum solid /  liquid ratios are 3.32 g/1 and 6.30 g/1 for Na'^ and 
F"(as 0.1 mol.dm"^) respectively.
Plots in Figs. 3.105 and 3.106 are representing the capacities of AP-HMS-BO and AP- 
SIL-CP respectively for NaCl and NaF as a function of the equilibrium concentration.
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Fig 3.105 Removal isotherm of NaCl on AP-HMS-BO material at (298.15 K, t = 12 h).
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Fig 3.106 Removal isotherm o f NaF on AP-SIL-CP material at (298.15 K, t = 12 h).
Tables 3.22 and 3.23 show the initial and the equilibrium concentrations of NaCl and 
NaF, the percentage o f retention and the amounts o f ion retained per gram of material.
Table 3.22 Experimental data of the removal capacity of AP-HMS-BO for NaCl from 
aqueous solution at 298.15 K
[NaCl]i (mol.dm' )^ [NaCl]cq (mol.dm' )^ [NaCl] removed (mol.dm' )^ %E
0 0 0 0
0.128 11.55 X 10'^ 1.32 X 10'^ 10,22
0.128 ll .lOx 10'^ 1.77 X 10'^ 13.75
0.128 10.98 X 10'^ 1.89 X 10'^ 14.67
0.128 10.96 X 10'^ 1.91 X 10'^ 14.82
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Table 3.23 Experimental data of the removal capacity of AP-SIL-CP for NaF from 
aqueous solution at 298.15 K
[NaF]i (inol.dm'^) [NaF]cq (moLdm^) [NaF] removed (mol.dm^) %E
0 0 0 0
0.145 12.30 X 10'^ 2.17 X 1 0 '^ 15.00
0.145 11.16 X 1 0 '^ 3.30 X 10'^ 22.84
0.145 1 0 . 0 0  X 1 0 “^ 4.47 X 10'^ 30.91
0.145 9.52 X 10'^ 4.95 X 10'^ 34.20
0.145 9.37 X 10'^ 5.10 X 10'^ 35.23
0.145 9.17 X 10'^ 5.30 X 10"^ 36.62
Examination of the data in Tables 3.22 and 3.23 reveal that the amount of NaCl and NaF 
removed per gram of AP-HMS-BO and AP-SIL-CP respectively increases with an 
increase of the initial concentration. The non existence of a plateau in the isotherms 
indicates that the materials are not saturated even at high concentration.
3.7.6 Optimization of 2,4-D extraction by AP-HMS-CD silica from aqueous 
solutions
To set a process for the removal of organic pollutants from aqueous medium by 
cyclodextrin modified silicas (AP-HMS-CD 1 and AP-HMS-CD3), a first phase of 
research was required. Thus "liquid-liquid extraction" was used to evaluate the 
interactions o f  ^ ^-cyclodextrin (CD) with the pollutants target.
The aim of this part is to demonstrate the existence o f complexes between cyclodextrin 
and organic pollutants in aqueous solutions.
2,4-D (PH) was chosen as a representative example
The nature of organic pollutants requires an investigation of the complexation process as 
a function of the pH.
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The equilibrium constant of the complexation process of 2,4-D by ^^-cyclodextrin (eq. 
3.19 and 3.20) has been determined experimentally by the solubilization method. The 
results were exploited on the basis of an increase in the solubility of 2,4-D in the presence 
of ^^-cyclodextrin as compared with their solubilities in the absence of ^-cyclodextrin. 
These experiments constitute, in fact, a pre-condition and essential requirement in the 
treatment of any specific pollutant.
3.7.6.1 Determination of the stability constant of 2,4-D/p-CD complex by the 
solubilization method
The non polar cavity of cyclodextrin is occupied with water molecules which are not 
favourable energetically. Water molecules can be easily substituted with appropriate 
“guests” molecules with a lower polarity than water molecules. Complexes between 
cyclodextrin “host” and “guest” molecules can be of various types^^^ (Fig. 3.107). (a-f) 
and equatorial (g) complexes can be distinguished.
a)
d)
c)
9)
D m  a m  t
Fig.3.107 Diverse cyclodextrin-guests complexes in aqueous solution^^^) a) complete 
inclusion, b) axial inclusion, c) partial inclusion, d) 2:1 complex, e) 1:2 complex, f) 2:2 
complex.
Most frequently, 1:1 complexes are formed. In solution the complex is maintained by 
weak interaction forces, equilibrium is established between the associated and dissociated 
forms. The complexation process involving ^^-cyclodextrin 0^-CD) and a guest molecule,
2,4-D (PH), can be written as follow,
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j3-~CD{aq) + PH (aq) {j3-CD ).PH (aq) (3.19)
[{/3-CD).PH]
[/3 -C D M P H ] (3.20 )
The solubility of the pesticide is defined as its concentration in a saturated aqueous phase. 
Two types of solubilities can be distinguished, apparent solubility (Sa) which correspond 
to total aqueous phase concentration and includes both, the free and the complexed 
species; while the aqueous solubility (Sw) is regarded as the concentration of the free 
pesticide in water. The relative solubility is defined as the fraction of Sa to S^.
•S'... [PH] (3.21 )
From eq. 3.21, by replacing [PH.(p-CD)] by Kg x [PH][p-CD], it follows that
(3.22)
Eq. 3.22 suggests the existence of a linear relationship between the solubility of 2,4-D and 
the concentration o f [y?-CD]. This can be attributed to the formation o f a 1:1 2,4-D//?-CD 
complex.
The relative solubilities of 2,4-D at pH 1.6 and 5.2 are plotted against the p  -CD 
concentration in Figs 3.108 and 3.109 respectively.
2.4 -  
2.0  -  
1.6  -  
1.2- 
0.8 
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V = 165.82 X + 0.9850 
R* = 0.9972
— 1-----------------1 1 1 1 1 1 1 1--------------
0.0 4.0x10 * 8.0x10 * 1.2x10 * 1.6x10 *
[p-CDj (mol dm'*)
Fig 3,108 Relationship between the concentration o f /?-CD and the relative solubility of
2,4-D; pH = 1.6, T = 298.15 K
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Fig 3.109 Relationship between the concentration o f /?-CD and the relative solubility of
2,4-D; pH = 5.2, T = 298.15 K
At both pHs, the relative solubility (Sr) of 2,4-D initially increases with the increase of p- 
CD concentration until a maximum value is reached and then it stabilises. The initial 
increase o f Sr is linear as described by eq. 3.22 (R = 0.99) supporting the formation of 1:1 
complex y?-CD/PH, while the slopes of these equations give the stability constants of the 
two complexes (log Ksi =2.16) and (log Ks2 = 1.81). Moreover at pH = 5.2, the stability 
constant of the complex is lower than at pH 1.6.
The break point in the curve is correlated with the beginning of a precipitation 
phenomenon. It indicates the solubility limit of the /9-CD/PH at the experimental 
conditions (pH = 1.57 and pH = 5.2). This can explain the lower solubility of the 
complexes in water relative to the free ^ ^-cyclodextrin.
Having shown that yg-cyclodextrin forms a complex with 2,4-D, the following Section 
discuss the removal of 2,4-D by AP-HMS-CD (1 and 3).
3.7.6.2 Effect of equilibration time on the removal of 2,4-D by AP-HMS-CD 1 from 
aqueous solution a t 298.15 K
A plot of the percentage of removal of 2,4-D by AP-HMS-CD I versus time at 298.15 K is 
represented in Fig. 3.110.
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Fig. 3.110 Percentages of 2,4-D removed from aqueous solution by AP-HMS-CD 1 as a 
function o f time at 298.15 K; q  = I x 10'  ^mol.dm'^; S/L = 5 g/I ; pH, (2,4-D) ~ 3.22
The uptake of 2,4-D by the AP-HMS-CD 1 material was very fast reaching the maximum 
percentage o f removal after about 10 minutes of solution exposure. Similar observation 
has been reported for the interaction of water soluble species (p-nitrophenol, p- 
nitroaniline, m-nitrophenol, p-chlorophenol and phenol), with ^ ^-cyclodextrin grafted to an 
HMS silica'”
3.T.6.3 Effect of solid/liquid ratio on the removal of 2,4-D by the AP-HMS-CD 1 
modified silica.
A plot of the percentage of removal of 2,4-D by AP-HMS-CD 1 from aqueous solution 
versus the solid/liquid ratio at 298.15 K is shown in Fig. 3.111.
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Fig. 3.111 Percentages of 2,4-D removed from aqueous solution by AP-HMS-CD 1 as a 
function of solid/liquid ratio at 298.15 K; Ci = 1 x 10'^ mol.dm'^; pH, (2,4-D) ~ 3.22
The percentage of 2,4-D removed from aqueous solution by AP-HMS-CD 1 (Fig.3.111) 
increases rapidly from 28 to 60 % with an increase of the solid/liquid ratio from 2.0 to 8.0 
g/1 . On further increase of the solid/liquid ratio up to 15.0 g/1 the percentage of 2,4-D 
removed becomes almost constant.
3.7.6.4 Effect of pH of the solution on the removal of 2,4-D by AP-HMS-CDl from 
aqueous solution at 298.15 K
A plot of the percentage of removal of 2,4-D by AP-HMS-CDl versus the pH of the 
solution at 298.15 K is shown in Fig. 3.112.
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Fig. 3.112 Percentages of 2,4-D removed from aqueous solutions by AP-HMS-CDl 
versus pH at 298.15 K ; Ci = 1 x 10'^ mol.dm'^ ; S/L = 5g/1
Inspection of Fig. 3.112 shows that the affinity of AP-HMS-CDl for 2,4-D is pH 
dependent. The effect of pH would appear to lie on the interaction of AP-HMS-CDl with 
the pollutant spéciation, i.e uncharged 2,4-D and anionic 2,4-D forms.
In the interpretation of the pH effect on the extraction process of 2,4-D by AP-HMS-CDl 
the same explanation for the removal of 2,4-D by AP-HMS-AC can be adopted. Thus at 
low pH the predominant species of 2,4-D acid is the undissociated species. Therefore no 
interaction is seen between the already protonated AP-HMS-CDl and the undissociated 
acid. As the pH of the aqueous solution increases, the concentrations of the anionic 
species increase and hence interactions between these species and the protonated AP- 
HMS-CDl occur. Therefore an increase in the percentage of removal of the acid 
herbicide is seen and the maximum extraction is at pH = 3.4.
At higher pHs an excess of ammonium hydroxide deprotonates the AP-HMS-CDl 
material. The ability of this material to extract this pesticide is now reduced because of 
the repulsive attraction between the material negatively charged and the anionc species of
2,4-D.
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3.7.6.S Determination of the uptake capacity of the AP-HMS-CD materials towards 
2,4-D
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Fig. 3.113 Removal isotherm of 2,4-D from aqueous solution by AP-HMS-CD (1 and 3) 
materials at 298.15 K, pH, (2,4-D) = 3.22, t = 12 h
Fig 3.113 shows a representative-dependent profile of the capacity (qeq) of AP-HMS-CD 
(1 and 3) materials to remove 2,4-D from water. The qeq values generally followed an 
increasing trend as a function of increasing solute concentration, suggesting the increase 
of binding between the hybridized materials and the targeted guest species. The values of 
qeq subsequently increase reaching a maximum value at a solute concentration near 1.5x 
10'  ^ mol.dm'^ for AP-HMS-CD3 and 2.0 x 10'  ^ mol.dm'^ for AP-HMS-CDl. Beyond 
these concentrations, the values remain constant suggesting saturation of both materials. 
The influence of loading cyclodextrin into the mesoporous material was observed through 
the amount of 2,4-D removed by each material on the saturation plateau of the isotherms. 
The presence of /^-cyclodextrin molecules on the HMS particles inweases the removal 
capacity substantially, which is translated by a sequence AP-HMS-CD3 > AP-HMS-CDl. 
This observation can be explained in terms of loading the material with /^-cyclodextrin 
molecules known to form complexes as demonstrated in the previous Section.
As a summary of it should be stated that in this study the hybridized materials (AP-HMS, 
AP-HMS-AM, AP-HMS-AC, AP-HMS-AH, AP-HM S-CDl, AP-HMS-CD3, AP-
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HMS-BO and AP-SIL-CP) were deliberately synthesized and directed towards a 
pollutant target.
The extraction data were further analysed in the light of the Freundlich and the Langmuir 
models**^ (eqs. 2.73 and 2.74). Linear plots were obtained for 1/qeq versus 1/ceq, for the 
removal of 2,4-D, NAA, gallic and tannic acids, xylenol orange, lead and copper nitrates 
showing the applicability of the Langmuir equation for these pollutants, while the 
Freundlich isotherms were unsuccessful in describing the relation between the 
equilibrium concentrations of these pollutants and their maximum capacities. The values 
of the monolayer capacity qmax and the Langmuir constant (b) have been evaluated from 
the intercept and the slope of the linear plots. The values represent the equilibrium 
constants for the sorption process. They reflect the affinity of the material to uptake the 
pollutant. These values are given in Tables 3.23 and 3.24.
Table 3.24 Langmuir parameters for the sorption of 2,4-D, NAA, gallic and tannic acids 
and xylenol orange, lead and copper (as nitrates) at 298.15 K
Pollutant
Material
b
(1 mof')
qmax
(mmol g' )^ (mg g ‘)
AP-HMS-AC 0.79 0.43 94.9 0.99
2,4-D
AP-HMS-AM 30.94 0.77 170.2 0.99
AP-HMS-CDl 1.80 0.12 26.5 0.98
AP-HMS-CD3 3.91 0.17 37.6 0.99
NAA AP-HMS-AC 1.23 0.14 30.9 0.98
Gallic acid 0.80 0.55 93.0 0.99
Tannic acid AP-HMS 31.23 0.13 146.9 0.99
Xylenol orange 1.02 0.26 198.1 0.99
Inspection of Table 3.23 shows that the maximum capacities of AP-HMS-AC material 
using the Langmuir model were found to be 0.43 mmol/g (94.9 mg/g) and 0.14 mmol/g
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(30.9 mg/g) for 2,4-D and NAA respectively. The comparative sorption involving the four 
anchored surfaces AP-HMS-CDl, AP-HMS-CD3, AP-HMS-AC and AP-HMS-AM for
2,4-D were found to be 0.12 mmol/g (26.5 mg/g), 0.17 mmol/g (37.6mg/g) 0.43 mmol/g 
(94.9 mg/g) and 0.77 mmol/g (170.2 mg/g) respectively. These results show that the 
extracting ability of these materials for 2,4-D follows the sequence, AP-HMS-AM > AP- 
HMS-AC > AP-HMS-CD3 > AP-HMS-CDl.
The maximun retention capacities of the AP-HMS were found to be 0.13 mmol/g (146.9 
mg/g), 0.26 mmol/g (198.1 mg/g) and 0.55 mmol/g (93 mg/g) for tannic acid, xylenol 
orange and gallic acid respectively. The affinity of AP-HMS for these pollutants is as 
follows, gallic acid > xylenol orange > tannic acid.
Table 3.25 Langmuir parameters for sorption of copper and lead (as nitrates)
Pollutant
b
(1 mol' )^
qmax
(mmol g’*) (mg g ')
Pb'+
AP-HMS-AH
0.22 0.85 175.4 0.99
Gif’" 0.085 7.87 500.0 0.99
The maximum capacities of AP-HMS-AHl were found to be 0.85 mmol/g (175.4 mg/g) 
and 7.87 mmol/g (500 mg/g) for lead and copper (as nitrates) respectively. The material 
has a higher affinity for Cif^ than for Pb^^.
To quantify the complexation of AP-HMS-AHl with different metal cations, the 
equivalent ligand per ion was calculated from eq. 3.23
E .Q (C O O H )= -^  (3.23)
In eq. 3.23, Lo is the number of ligands attached to the silica surface and qmax (mmol/g) is 
the capacity o f the material to uptake a given cation. Values of 0.37, 3.44, 7.30 and 20 
correspond to the number of ligands interacting with one unit of Cu^^, Pb^ "^ , Cd^^ and
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cations respectively. Theoretically speaking one ligand is expected to interact with 
one metal cation. However the number of sites available in each ligand unit to fulfill the 
coordination requirements o f the cation may be reduced due to interactions between the 
grafted carboxyl groups or with the surface silanol groups or indeed for the lack of 
flexibility of the ligand in the solid material.
Concerning Na^ and F‘ removal, Langmuir and Freundlich correlation were not suitable 
models because the intercept of equations were negative. Therefore the qmax values could 
not be calculated. The effectiveness of the AP-HMS-BO and AP-SIL-CP to remove 
respectively Na^ and F' from water were assessed from distribution coefficient, D, 
between the solid material and the aqueous solution. The values o f D for each material- 
solution system were obtained from eq. 3.24 using their respective equilibria data:
D=(c,-c„) sol (3.24)
In eq. 3.24 c, (mol.dm“^ ) is the initial concentration of Na’*' or F', Ceq (mol.dm’^ ) is the ion 
metal concentration at equilibrium, Vsoi is the volume of solution (ml) and m is the 
amount of material used (g).
A 30- 
2 0 -
0.109 0.110 0.111 0.112 0.113 0.114 0.1 IS 0.116
INaCl]
100
80 -
60-Q 40-
2 0 -
0.090 0.100 0.1150.095 0.105 0.110 0.120 0.125INaF]
Fig 3,114 Distribution coefficients (D) of AP-HMS-BO and AP-SIL-CP towards Na^ and 
F" ions respectively
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The D values for NaCl and NaF generally follow an increasing trend as a function of an 
increase in the solute concentrations (Fig, 3.114). This type of uptake behaviour is typical 
for materials that have appreciable binding interactions targeted guest compounds 
(especially in the case of heavy metal cations because materials with specific binding sites 
are most effective at binding at high concentrations. The ability of AP-HMS-BO to 
effectively uptake sodium can be attributed to the presence of boron atoms in this material 
while the uptake of fluoride is mainly attributed to the calixpyrrole binding sites on the 
AP-SIL-CP material.
3.7.7 Calorimetric studies of pollutants (polyphenols, dyes and metal cations) 
complexation with HMS modified silicas in aqueous solutions
The nature of the interactions between the material and the pollutant has been examined 
by calorimetry. The thermostated solutions of gallic, tannic acids, xylenol orange copper, 
and lead nitrates were incrementally added to the calorimeter vessel containing the known 
amount of the appropriate material and the thermal effects of the titration were 
determined. The heats of dilution of pollutants into water were measured in separate 
experiments by titrating the pollutants into a thermostated solution of water. The heats 
obtained were corrected to account for dilution effects. To calculate removal capacities of 
the material, Qtit values were plotted against the volume of titrant added (Figs. 3.115 and 
3.116). Extrapolation of the two sections of the curve gives the intersection point/?, which 
represents the amount of pollutant uptaken by the mesoporous material. Knowing the 
burette delivery rate and the volume of the solution containing the pollutant added up to 
the point p, the capacity of removal can be determined.
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Fig 3.115 Calorimetric curves for the titration of AP-HMS with 10*^  mol.dm'^ of gallic 
acid, tannic acid and xylenol orange at 298.15 K
-0.35
2+ - 1 6Cn
-0.30 - - 1 4
2+Pb --12-0.25 -
- - 1 0
N - 0 .2 0 -
-  -6-0.15-
-4
- 0 . 1 0 - — -2
0.4 0.8 1.2 1.6 2.0 2.4
Fig 3.116 Calorimetric curves for the titration of AP-HMS-AHl with 0.5 mol.dm'^ of 
copper and lead (as nitrates) at 298.15 K
The removal capacities of AP-HMS towards gallic acid, tannic acid and xylenol orange 
and AP-HMS-AHl towards lead and copper (as nitrates) as well as the heats of reaction 
are listed in Table 3.26. From this table it is clear that the capacity found from the batch 
process is more representative than that derived from calorimetry. It should be noted also 
that the order of affinity of the AP-HMS material towards these pollutants was found to 
be the same (gallic > tannic > xylenol) with both methods calorimetry and batch
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experiment. As far as the AP-HMS-AHl material is concerned it was not possible to 
determine the capacity of extraction by calorimetry and hence a comparaison between 
and Pb^ "^  can not be made.
Table 3.26 Capacities o f removal of gallic, tannic acids, xylenol orange, lead and copper 
nitrates obtained from calorimetry and batch experiments and heat o f reactions
Pollutant
M aterial used % Q  caio (m m ol/g) Q  Batch(m m ol/g)
G allic acid A P-H M S -0.28 0.99 0.041 0.55
T annic acid A P-H M S -2.55 0.99 0.026 0.13
X ylenol orange A P-H M S -0.54 0.99 0.033 0.26
Pb^^ A P-H M S-A H -0.18 0.99 --- 0.85
Cu^+ A P-H M S-A H -12.78 0.99 1.086 7.87
Inspection of Table 3.26 shows that the extraction of gallic and tannic acids and Xylenol 
Orange with AP-HMS and Cu^^ and Pb^ '*' (as nitiates) with AP-HMS-AHl are apparently 
exothermic. The differences observed between the uptake o f these species by these 
materials during the calorimetric experiments and that found from the batch procedure 
relies on the fact that in the former, the period of time in which the material is exposed to 
the solution is very short while this limitation is not existent in the batch experiments. In 
fact the material was in contact with the solution for a period of 12 hours. Having stated it 
the calorimetric experiment was useful to obtain information regarding the exothermic 
character of the extraction process involving these materials and these polluting species.
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Conclusions
1. Ordered mesoporous silicas were successfully synthesised by a assembly 
mechanism using dodecylamine (DCA) as surfactant and 1,3,5,-trimethylbenzene 
(TMB) as a structure directing agent. Modification of the wall pores of the parent 
HMS with different functional groups was accomplished. These statements are 
corroborated by the agreement found between the different characterisation methods.
2. The eighth hybridized materials AP-HMS, AP-HMS-AM, AP-HMS-AC, AP- 
HMS-AH, AP-HMS-CDl, AP-HMS-CD3, AP-HMS-BO and AP-SIL-CP were 
deliberately synthesized to target a particular pollutant. The attachment of different 
organic moieties to the hexagonal mesoporous silica has been achieved and it was 
found that the textural properties of the silicas are enhanced.
3. Most extraction process involving these materials and polluting species were 
found to be veiy fast and pH dependent. Calorimetric titrations were used to determine 
the nature of the processes studied (exothermic or endothermie).
4. The influence of loading different organic moieties (acetamide, amine, carboxylic, 
boronic acid, /^-cyclodextrin and calix[4]pyrrole) into the silica material was 
demonstrated through the uptake capacity of these materials for a given pollutant. The 
presence of the above mentioned groups on the HMS and silica particles increases the 
removal capacity substantially.
5. The capacities of the hybridized materials synthesized were determined by batch 
experiments and are comparable to some existing silica materials reported in the 
literature. In some cases these were found to be even better than currently used 
materials such as activated carbon.
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Suggestions for further work
Even though the calixpyrroles have been quite studied in the last few years, there is still a 
lot of work to be explored with these receptors. As seen in this study, finding new 
receptors that might be able to interact simultaneously with anions and cations is a 
challenging task. Studying the thermodynamics of some already existing receptors will be 
valuable also. In addition by attaching calixpyrroles to polymers, their recognition 
affinities towards common salts, may be improved and these will open new applications 
on the separation of alkali metal salts. These studies can be extended to the production of 
solid polymer electrolytes based on poly(ethylene oxide) (PRO) appended with 
calixpyrroles. These can help in trapping anions and enhance the mobility of adversary 
cations such as lithium in the case of rechargeable batteries.
The synthesised hybridesed silicas can be used to remove pollutants from a mixture of 
compounds in aqueous medium. As such they may find applications in chromatographic 
separations.
Grafting o f calixpyrrole to mesoporous silica will lead to the production of very 
competitive materials for the removal of anions. Few applications are available in the 
literature^^ about these molecules regarding their attachment to solid support.
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Conductometric titration data for /e/7’a-«-butylammonium fluoride with CPA in 
acetonitrile at 298.15 K.
[CPA]/[F‘3 Am(S.cnf.mor') [CPA]/[F-] Am (S.cm^.moF') [CPA]/[F‘3 Am (S.cm^.mor')
0.00 152.80 0.91 97.77 1.60 88.17
0.11 145.86 1.03 91.57 1.71 88.18
0.23 139.00 1.08 91.86 1.82 88.46
0.34 132.14 1.20 88.89 1.94 88.48
0.46 125.38 1.25 88.52 1.99 88.50
0.57 118.61 1.37 88.26 2.05 88.42
0.68 111.79 1.42 88.20
0.80 104.82 1.54 88.16
C o n d u c to m e tric  titra tio n d a ta  fo r fe?/‘£3r-n-butylam m onium  c h lo rid e w ith  C P A  in
ac e to n itr ile  a t 298.15 K.
[cPA]/[cr] A„,(S.cm^.nior') [CPA]/[cr] Am (S.cm^.mor') [CPA]/[cr] Am (S.cm^.mor')
0.00 143.44 0.61 145.64 1.22 147.71
0.09 143.68 0.70 145.91 1.31 148.01
0.17 144.31 0.79 146.23 1.40 148.33
0.26 144.55 0.87 146.51 1.48 148,63
0.35 144.84 0.96 146.80 1.57 148.94
0.44 145.08 1.05 147.09 1.66 149.24
0.52 145.34 1.14 147.42 1.75 149.55
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Conductometric titration data for tetra-n-butylammonium iodide with CPA in acetonitrile 
at 298.15 K.
[CPA]/[r] Am(S.cm^.rnor’) [CPA]/[r] Am (S.cnf.moP') [CPA]/[r] Am (S.cm^.mor')
0.00 194.70 0.50 200.24 1.01 206.40
0.08 195.82 0.59 201.11 1.09 207.31
0.17 196.73 0.67 202.52 1.17 208,21
0.25 197.63 0.75 203.38 1.26 209.04
0.34 198.46 0.84 204.30 1.30 209.45
0.42 199.42 0.92 205.16
Conductometric titration data for tetra-n-butylammonium hydrogeno sulfate with CPA in 
acetonitrile at 298.15 K.
[C P A ]/[iJS '0 ;] Am(S.cm^mor') [ C P A ] / [ ] Am (S.cm lm ol-') [C PA ]/[/ZSO : ] A„, (S.cmlmor*)
0.00 127.45 0.94 129.53 1.88 131.75
0.13 127.76 1.07 129.81 2.02 132.05
0.27 128.06 1.21 130.13 2.15 132.41
0.40 128.35 1.34 130.44 2.28 132.69
0.54 128.60 1.48 130.74 2.42 133.12
0.67 128.85 1.61 131.10 1.34 130.44
0.81 129.12 1.75 131.43
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Conductometric titration data for lithium perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/[Li^] Am(S.cm^mol ') [CPA]/[LP] A^ (S.cm'.mol ') [CPA]/[Li+] A.„ (S.cmlmol*’)
0 139.57 0.75 138.48 1.51 137.91
0.12 139.36 0.87 138.36 1.62 137.86
0.23 139.2 0.98 138.25 1.74 137.77
0.35 139.03 1.1 138.15 1.85 137.74
0.46 138.85 1.22 138.08 1.97 137.68
0.58 138.71 1.33 138.01 2.09 137.67
0.7 138.56 1.45 137.93 2.2 137.63
Conductometric titration data for sodium perchlorate with CPA in acetonitrile at 298.15
K.
[CPA]/[Na^] An,(S.cm^.mor’) [CPA]/[Na^] Am (S.cm^.mor') [CPA]/[Na+] Am (S .cn f.m ol')
0 197.69 1.03 214.57 2.24 232.93
0.19 201.11 1.21 217.43 2.43 235.74
0.37 204.19 1.4 220.43 2.62 238.59
0.56 207.44 1.59 223.03 2.8 241.22
0.75 210.33 1.77 226.01 2.99 243.73
0.93 213.25 1.96 228.79 3.18 246.23
1.03 214.57 2.06 230.12 2.24 232.93
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Conductometric titration data for magnesium perchlorate with CPA in acetonitrile at 
298.15 K.
[CPA]/[Mg'"l Am(S.cm^.rnor^) [CPA]/[Mg""l Am (S.cm^.mor’) [CPA]/[Mg^^l Am (S.cm^.mor’)
0.00 347.48 0.74 344.08 1.53 340.30
0.11 347.11 0.85 343.53 1.64 339.81
0.21 346.62 0.95 343.00 1.80 339.10
0.32 346.14 1.06 342.47 1.96 338.51
0.42 345.67 1.22 341.69 2.12 337.93
0.53 345.21 1.32 341.18 2.27 337.37
0.63 344.64 1.43 340.79
Conductometric titration data for calcium perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/lCa"l Am(S.cm^.nior') [CPA]/lCa^+] Am (S.cm^.mor') [CPA]/[Ca'+] Am (S.cm^.mof')
0.00 329.66 0.93 296.44 1.93 286.72
0.09 327.17 1.02 294.47 2.05 286.43
0.19 323.23 1.11 292.81 2.18 286.24
0.28 319.11 1.20 291.55 2.36 285.97
0.37 315.19 1.30 290.50 2.55 285.62
0.46 311.29 1.39 289.75 2.76 285.31
0.56 307.62 1.48 289.01 3.01 285.01
0.65 304.37 1.57 288.50 3.29 284.93
0.74 301.38 1.68 287.80
0.93 296.44 1.81 287.18
Appendix B
Conductometric titration data for strontium perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/[Sri^] Am(S.cm^.mor') [CPA]/[Sr^^] An, (S.cm^.mor*) [CPA]/[Sri1 Am (S.cm^.mol'')
0.00 301.60 1.10 288.44 2.61 284.65
0.09 299.99 1.23 287.73 2.78 284.52
0.17 298.32 1.36 287.48 2.96 284.31
0.26 297.14 1.49 287.20 3.13 284.26
0.35 295.86 1.62 286.60 3.30 284.13
0.43 294.77 1.75 286.19 3.47 284.25
0.52 293.70 1.88 285.89 3.65 284.13
0.60 292.62 2.01 285.59 3.82 284.00
0.71 291.50 2.14 285.21 3.99 283.88
0.84 290.38 2.26 285.02 4.16 283.75
0.97 289.34 2.44 284.79 4.34 283.63
Conductometric titration data for barium perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/[Ba"1 Arn(S.cm^.mof') [CPA]/[Ba^1 Am (S.cm^.mol'') [CPA]/[Ba""] Am (S.cm^.mor')
0.00 312.04 1.00 303.76 2.00 300.73
0.13 310.32 1.13 303.16 2.13 300.55
0.25 308.88 1.25 302.70 2.25 300.38
0.38 307.70 1.38 302.28 2.38 300.18
0.50 306.68 1.50 301.91 2.50 300.00
0.63 305.84 1.63 301.55 2.65 299.82
0.75 305.02 1.75 301.29 2.81 299.63
0.88 304.38 1.88 300.92 2.98 299.64
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Conductometric titration data for cadmium perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/lCd"+] Am (S.cnf.m ol') [CPA]/[Cd^+] A„, (S.cm ^m ol') [CPA]/[Cd'^] A,,, (S.cm ^m ol')
0.00 313.22 0.92 308.29 1.86 306.34
0.11 312.42 1.03 307.87 2.03 306.28
0.23 311.65 1.15 307.64 2.20 306.22
0.34 310.88 1.26 307.41 2.38 306.07
0.46 310.23 1.37 307.10 2.55 306.01
0.57 309.69 1.49 306.87 2.72 305.87
0.69 309.15 1.60 306.74 2.89 305.81
0.80 308.72 1.72 306.61 3.06 305.75
Conductometric titration data for mercury perchlorate with CPA in acetonitrile at 298.15
K.
[CPA]/[Hg"+] Am(S.cm^mor') [CPA]/[Hg=‘1 Am (S.cm^.mor') [CPA]/[Hg'"] Am (S .cn f .m ol')
0.00 289.23 1.16 222.03 3.18 215.09
0.12 279.15 1.27 220.64 3.41 214.90
0.23 268.42 1.39 219.51 3.65 214.99
0.35 258.83 1.56 218.27 3.88 215.10
0.46 250.39 1.79 218.29 4.11 215.03
0.58 242.89 2.03 217.28 4.34 215.07
0.69 236.25 2.26 216.42 4.57 215.11
0.81 230.92 2.49 215.75 4.80 215.11
0.93 226.90 2.72 215.64 5.03 215.18
1.04 223.99 2.95 215.36
Appendix B
Conductometric titration data for lead perchlorate with CPA in acetonitrile at 298,15 K.
[CPA]/[Pb^+] Am(S.cm^.mor') [CPA]/[Pb==+] Am (S.cnf.moP') [CPA]/[Pb^^] Am (S.cm^.mor')
0.00 295.53 0.90 245.41 1.80 238.46
0.11 287.31 1.01 242.73 1.97 238.53
0.22 279.73 1.12 240.93 2.14 238.56
0.34 272.49 1.24 239.83 2.31 238.68
0.45 265.72 1.35 239.19 2.47 238.80
0.56 259.43 1.46 238.77 2.64 238.97
0.67 253.83 1.57 238.52 2.81 239.19
0.79 249.15 1.69 238.54 2.98 239.20
Conductometric titration data for zinc perchlorate with CPA in acetonitrile at 298.15 K.
[CPA]/lZn"+] Am(S.cm^.rnol'‘) [CPA]/[Ztf+] Am (S.cm^mol-') [C P A ]/[Z ifl Am (S.cnf.moP')
0.00 418.38 0.85 411.33 1.70 405.16
0.14 417.06 0.99 410.21 1.89 403.92
0.28 415.92 1.13 409.14 2.08 402.72
0.43 414.77 1.28 408.12 2.27 401.53
0.57 413.58 1.42 407.14 2.46 400.34
0.71 412.42 1.56 406.13 2.65 399.20
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Conductometric titration data for cobalt perchlorate with CPA in acetonitrile at 298.15 K.
[CPA]/[Co"^I Am(S.cnf.rnor') [CPA]/[Co"1 A,„ (S.cm^.mol'') [CPA]/[Co^+] Am (S.cm^.mol'’)
0.00 346.22 0.83 347.62 1.76 348.30
0.06 346.30 0.95 347.76 1.87 348.32
0.14 346.55 1.06 347.86 1.99 348.42
0.26 346.75 1.18 347.98 2.10 348.51
0.37 346.94 1.29 348.07 2.22 348.54
0.49 347.09 1.41 348.13 2.33 348.61
0.60 347.27 1.53 348.16 2.45 348.67
0.72 347.41 1.64 348.27 2.56 348.74
Conductometric titration data for nickel perchlorate with CPA in acetonitrile at 298.15 K .
[c p A ]/[n P ] Arn(S.cnf.mor') [CPA]/[Ni"+] Am (S.cm^.mol'') [CPA]/[Ni"^] Am (S.cm^.mol"')
0.00 336.47 0.68 338.32 1.71 340.98
0.11 336.89 0.86 338.68 1.88 341.39
0.23 337.18 1.03 339.13 2.05 341.79
0.34 337.36 1.20 339.47 2.23 342.19
0.46 337.65 1.37 339.91 2.45 342.74
0.57 338.04 1.54 340.45 2.57 342.96
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Conductometric titration data for Copper perchlorate with CPA in acetonitrile at 298.15 
K.
[CPA]/[Cu"+] An,(S.cmlmol-') [CPA]/|:Cu"+] A», (S .cn f .m ol') [CPA]/[Cu^^] A,„ (S.cm lm ol'')
0.00 375.15 0.91 375.23 1.87 380.95
0.09 376.06 1.00 375.49 1.99 381.78
0.18 376.47 1.09 375.90 2.11 382.59
0.27 376.46 1.18 376.36 2.26 383.63
0.36 376.09 1.27 376.91 2.44 384.48
0.45 375.53 1.36 377.47 2.63 385.49
0.54 375.11 1.45 377.97 2.81 386.34
0.63 374.50 1.54 378.58 2.99 387.47
0.72 374.75 1.63 379.26 3.17 389.04
0.81 374.95 1.75 380.08
Conductometric titration data for Praseodymium (as trifluoromethanesulfonate) with 
CPA in acetonitrile at 298.15 K.
[CPA]/[Pr"+] Am(S.cmlnior') [CPA]/[ Pr"+] Am (S.cm lm or') [CPA]/[Pr'+] Am (S.cm^.moP')
0.00 355.60 0.79 359.06 1.58 376.68
0.13 353.82 0.92 362.34 1.71 379.10
0.26 352.52 1.05 365.97 1.84 381.63
0.40 352.10 1.19 368.73 1.98 384.05
0.53 353.47 1.32 371.49 2.11 386.46
0.66 355.99 1.45 374.03
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Conductometric titration data for Neodymium (as trifluoromethanesulfonate) with CPA 
in acetonitrile at 298.15 K.
[CPA]/[Nd^^] Arn(S.cm^.mor’) [CPA]/[Nd"+] Am (S.cm^.mol"') [CPA]/[ Nd"+] Am (S.cnf.moP')
0.00 253.80 0.79 249.50 1.58 265.16
0.13 250.85 0.92 252.46 1.71 267.79
0.26 248.11 1.05 255.07 1.84 270.32
0.39 246.40 1.18 257.59 1.97 272.81
0.53 246.15 1.32 260.12 2.11 275.36
0.66 247.24 1.45 262.55 2.17 276.59
Conductometric titration data for Samarium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Sm^+] Am(S.cm^.rnor') [CPA]/[Sm^*] Am (S.cnf.mol"') [CPA]/[Sm'^] Am (S.cm^.mol’’)
0.00 272.88 0.74 262.26 1.48 276.34
0.07 272.03 0.81 263.59 1.55 277.88
0.15 269.17 0.89 264.94 1.62 279.32
0.22 266.44 0.96 266.38 1.70 280.77
0.30 264.59 1.03 267.78 1.77 282.03
0.37 262.88 1.11 269.23 1.85 283.54
0.44 261.66 1.18 270.59 1.92 284.95
0.52 260.87 1.25 272.06 1.99 286.37
0.59 260.65 1.33 273.48 2.07 287.80
0.66 261.25 1.40 274.96
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Conductometric titration data for gadolinium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Gd'^] An,(S.cm^.mor') [CPA]/[Gd'^3 Am (S.cm^.mor*) [CPA]/[Gd"+] Am (S.cm^.mor*)
0.00 185.00 0.57 177.34 1.13 189.37
0.06 183.00 0.62 178.08 1.19 190.19
0.11 180.79 0.68 179.07 1.30 191.70
0.17 180.14 0.74 180.32 1.36 192.39
0.23 178.79 0.79 181.78 1.48 193.81
0.28 177.73 0,85 183.11 1.59 195.15
0.34 177.01 0.91 184.89 1.70 196.48
0.40 176.66 0.96 186.36 1.76 197.27
0.45 176.63 1.02 187.57 1.82 197.86
0.51 176.81 1.08 188.47
Conductometric titration data for terbium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Tb^^] AmfS.cnf.rnof') [CPA]/[Tb'1 Am (S.cm^.moP') [CPA]/[Tb"+] Am (S.cnf.mol"')
0.00 225.88 0.63 227.79 1.26 239.00
0.06 225.26 0.69 229.09 1.38 240.55
0.13 224.96 0.75 230.34 1.51 242.29
0.19 224.58 0.82 231.70 1.57 242.99
0.25 224.47 0.88 233.06 1,70 244.49
0.31 224.32 0.94 234.33 1.82 245.98
0.38 224.48 1.01 235.41 1.89 246.78
0.44 224.87 1.07 236.31 1.95 247.47
0.50 225.53 1.13 237.30 2.01 248.32
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Conductometric titration data for holmium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Ho^^] Arn(S.cnf.mor') [CPA]/[Ho'^l Am (S .cn f.m ol') [CPAl/[Ho"+] Am (S.cnf.mol"')
0.00 241.00 0.59 251.09 1.64 264.88
0.07 242.19 0.66 253.01 1.77 266.15
0,13 243.30 0.72 253.99 1.90 267.03
0.20 244.52 0.79 255.34 2.03 268.29
0.26 245.68 0.85 256.47 2.16 269.55
0.33 246.86 0.98 258.10 2.30 270.80
0.39 247.72 1.11 259.46 2.43 272.05
0.46 248.84 1.25 260.97 2.56 273.29
0.52 249.91 1.38 262.37 2.69 274.53
Conductometric titration data for erbium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Eri^] Am(S.cm^.mor') [CPA]/[Ei-"+] Am (S .cn f .m ol') [CPA]/[EP+] Am (S.cnf.mol"')
0.00 241.00 0.59 251.09 1.64 264.88
0.07 242.19 0.66 253.01 1.77 266.15
0.13 243.30 0.72 253.99 1.90 267.03
0.20 244.52 0.79 255.34 2.03 268.29
0.26 245.68 0.85 256.47 2.16 269.55
0.33 246.86 0.98 258.10 2.30 270.80
0.39 247.72 1.11 259.46 2.43 272.05
0.46 248.84 1.25 260.97 2.56 273.29
0.52 249.91 1.38 262.37 2.69 274.53
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Conductometric titiation data for yttrium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
CPA]/[YP+] An,(S.cm^.mor') [CPA]/[y P^ 1 Am (S.cm^.mol'') [c p a ]/[y P^] Am (S.cnf.mol"
0.00 216.47 0.56 231.37 1.18 240.85
0.06 217.39 0.62 232.75 1.25 241.43
0.12 218.66 0.68 234.14 1.31 242.05
0.19 220.80 0.75 235.35 1.43 243.19
0.25 222.09 0.81 236.75 1.56 244.37
0.31 223.42 0.87 237.62 1.62 244.89
0.37 225.52 0.93 238.15 1.74 246.07
0.44 227.47 1.00 238.83 1.87 247.19
0.50 229.94 1.06 239.55 1.93 247.60
Conductometric titration data for lutetium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K.
[CPA]/[Lu"+] Arn(S.cm^.mor') [CPA]/[Lu^^] Am (S .cn f.m ol') [CPA]/[Lu'1 Am (S.cm^.mor')
0.00 272.99 0.67 264.84 1.42 276.39
0.07 272.40 0.75 265.74 1.50 277.60
0.15 270.80 0.82 266.92 1.57 278.80
0.22 269.37 0.90 268.00 1.65 280.31
0.30 268.07 0.97 269.28 1.72 281.52
0.37 266.79 1.05 270.33 1.80 282.74
0.45 265.52 1.12 271.56 1.87 284.00
0.52 264.76 1.20 272.61 1.95 285.07
0.60 264.56 1.27 273.85 2.02 286.24
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Conductometric titration data for scandium (as trifluoromethanesulfonate) with CPA in 
acetonitrile at 298.15 K,
[CPA]/[Sc'1 Am(S.cm^.rnor‘) [CPA]/[Sc'^] Am (S.cnf .mol') [CPA]/[Sc'1 Am (S.cm .^moP')
0.00 212.99 0.80 224.07 1.70 248.46
0.09 211.23 0.89 228.09 1.79 250.17
0.18 208.75 0.98 231.27 1.88 251.66
0.27 206.52 1.07 234.05 1.97 253.21
0.36 203.45 1.16 236.63 2.06 254.63
0.45 201.75 1.25 238.98 2.15 256.06
0,54 203.91 1.34 241.18 2.23 257.45
0.63 209.68 1.43 243.17 2.32 258.84
0.72 217.38 1.52 245.05 2.41 260.15
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Calibration Curves
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Appendix D
Excel Spreadsheets used in this thesis 
Spreadsheet used during an NMR titration
Vadd Vacc Vt(acc) ICPAl fF| in/[C PA l H-1 H-2 H-3 H-6
0.02 0.020 0.52 1.03x10'^ 1.36x10"' 0.13 0.00 0.00 0.00 0.00
0.02 0.040 0.54 9.93x10'^ 2.63x10' 0.26 0.05 0.10 1.19 0.13
0.02 0.060 0.56 9.58x10'^ 3.80x10' 0.40 0.11 0.26 1.91 0.25
0.02 0.080 0.58 9.25x10'^ 4.89x10"' 0.53 0.16 0.30 2.64 0.34
0.02 0.100 0.6 8.94x10'^ 5.91x10' 0.66 0.20 0.42 3.14 0.43
0.02 0.120 0.62 8.65x10'^ 6.86x10"' 0.79 0.24 0.53 3.80 0.50
0.02 0.140 0.64 8.38x10'^ 7.76x10"' 0.93 0.28 0.56 4.19 0.56
0.02 0.160 0.66 8.12x10'^ 8.59x10"' 1.06 0.31 0.65 4.66 0.62
0.02 0.180 0.68 7.89x10'^ 9.38x10"' 1.19 0.34 0.67 4.92 0.68
0.02 0.200 0.7 7.66x10'^ 1.01x10"' 1.32 0.37 0.71 5.30 0.72
0.02 0.220 0.72 7.45x10' 1.08x10"' 1.45 0.38 0.75 5.54 0.74
0.02 0.240 0.74 7.25x10-' 1.15x10"' 1.59 0.41 0.80 5.78 0.79
0.02 0.260 0.76 7.06x10' 1.21x10"' 1.72 0.42 0.84 6.09 0.81
0.02 0.280 0.78 6.87x10'' 1.27x10"' 1.85 0.43 0.85 6.26 0.88
0,02 0.300 0.8 6.70x10' 1.33x10"' 1.98 0.44 0.84 6.43 0.87
0.02 0.320 0.82 6.54x10' 1.38x10"' 2.12 0.45 0.89 6.55 0.94
0.02 0.340 0.84 6.38x10-' 1.43x10"' 2.25 0.46 0.92 6.85 0.94
0.02 0.360 0.86 6.24x10' 1.48x10"' 2.38 0.47 0.92 7.02 0.92
0.02 0.380 0.88 6.09x10' 1.53x10"' 2.51 0.48 0.93 7.15 0.96
0.02 0.400 0.9 5.96x10' 1.58x10"' 2.64 0.49 0.94 7.28 0.94
0.02 0.420 0.92 5.83x10' 1.62x10"' 2.78 0.49 0.93 7.36 0.96
0.02 0.440 0.94 5.70x10-' 1.66x10"' 2.91 0.49 0.92 7.40 0.98
0.02 0.460 0.96 5.59x10"' 1.70x10"' 3.04 0.49 0.92 7.63 0.98
Vadd: volume of ion added
Vacc'. volume of ion accumulated
Vt (acc); volume total accumulated in the NMR tube
[F’]: fluoride concentration
[CPA]: ligand concentration
[F']/[CPA]; stoichiometry fluoride: ligand
H-1, H-2, H-3 and H-6: integrals of most significant changed protons
Appendix D
The spreadsheet below was used to cany out calculation in conductoinetiy titration 
of ions with CPA
V(CP) V CP acc. V tfA cc) fCPA] [F-] FCPAl/fF-1 R(k Q ) R (f2 ) K Ki -Ki A (S.cm^.mol’’)
0 0 25.60 0.00x10-® 8.77x10’’ 0.00 73.21 73210 1.36x10’’ 1.33x10’’ 152.80
0.09 0.09 25.69 4.98x10'® 8.73x10’’ 0.06 75.15 75150 1.33x10’’ 1.30x10’’ 149.30
0.09 0.18 25.78 9.92x10® 8.70x10’’ 0.11 77.15 77150 1.29x10’’ 1.27x10’ 145.86
0.09 0.27 25.87 1.48x10® 8.67x10’’ 0.17 79.23 79230 1.26x10’’ 1.23x10’ 142.45
0.09 0.36 25.96 1.97x10® 8.64x10’’ 0.23 81.43 81430 1.22x10’’ 1.20x10’’ 139.00
0.09 0.45 26.05 2.45x10® 8.61x10’’ 0.28 83.73 83730 1.19x10’’ 1.16x10’’ 135.56
0.09 0.54 26.14 2.94x10® 8.58x10’’ 0.34 86.14 86140 1.16x10’’ 1.13x10’ 132.14
0.09 0.63 26.23 3.41E-05 8.55x10’’ 0.40 88.64 88640 1.12x10’’ 1.102x10’’ 128.77
0.09 0.72 25.32 3.89x10® 8.53x10’ 0.46 91.28 91280 1.09x10’ 1.06x10’’ 125.38
0.09 0.81 26.41 4.36x10® 8.50x10’’ 0.51 94.07 94070 1.06x10’ 1.03x10’’ 121.99
0.09 0.9 26.50 4.83x10® 8.47x10’’ 0.57 97 97000 1.03x10-’ 1.00x10’’ 118.61
0.09 0.99 26.59 5.29x10® 8.44x10’ 0.63 100.14 100140 9.98x10’ 9.72x10-® 115.18
0.09 1.08 26.68 5.75x10-® 8.41x10’’ 0.68 103.43 103430 9.66x10’ 9.40x10-® 111.79
V(CP): volume of ligand added
V (CP) acc: volume of ligand accumulated
Vt (acc): volume total accumulated in the vessel
[CPA]: ligand concentration
[F‘]: fluoride concentration
[CPA]/[F ]: stoichiometry ligand:fluoride
R: resistance in
k: conductivity of the solvent
Ki -  K 2: difference between solvent conductivity and solution conductivity 
A (S.cm^.mol'^): molar conductivity
Appendix D
Spreadsheet used in m acrocalorim etric titration  
Electrical calibration of the macrocalorimeter
d (mm) t (sec.) e=(V1*V2*t)/(d*R) V, V2 R
53.0 3.01 0.00484 2.9202 2.9197 100.02
43.0 2.39 0.00474 2.9202 2.9197 100.02
48.0 2.79 0.00495 2.9202 2.9197 100.02
43.0 2.40 0.00476 2.9202 2.9197 100.02
46.0 2.67 0.00495 2.9202 2,9197 100.02
Titration reaction
d(mm) t (sec.) Q (l)=(e*d)
10.50 13.49 -0.0512
13.00 14.42 -0.0634
12.00 15.05 -0.0585
12.00 14.41 -0.0585
13.00 15.41 -0.0634
11.50 17.03 -0.0561
12.50 17.03 -0.0610
4.50 26.17 -0.0220
4.50 25.13 -0.0220
-24.00 41.10 0.1171
-29.00 40.31 0.1415
-28.00 40.77 0.1366
Vadd V total IÇPA3T [FIT [F1/[CPAI Qr Q accu.
0.089 0.089 9.58x10"* 1.05x10"* 0.11 -0.094889 -0.095
0.095 0.184 9.57x10"* 2.16x10"* 0.23 -0.110096 -0.205
0.099 0.284 9.55x10"* 3.32x10"* 0.35 -0.107256 -0.312
0.095 0.379 9.53x10"* 4.42x10"* 0.46 -0.105185 -0.417
0.102 0.480 9.51x10"* 5.60x10"* 0.59 -0.113300 -0.531
0.112 0.593 9.49x10"* 6.89x10"* 0.73 -0.111225 -0.642
0.112 0.705 9.47x10"* 8.18x10"* 0.86 -0.116104 -0.758
0.173 0.878 9.44x10"* 1.01x10"* 1.08 -0.106655 -0.865
0.166 1.044 9.41x10"* 1.20x10"* 1.28 -0.103289 -0.968
0.271 1.315 9.36x10"* 1.51x10"* 1.61 -0.015929 -0.984
0.266 1.581 9.31x10"* 1.80x10"* 1.94 0.011022 -0.973
0.269 1.850 9.26x10"* 2.10x10"* 2.27 0.004654 -0.968
d: the corrected temperature change
t: the time equivalent to trace the distance d
e: calorimeter capacity
Vi and V2: potentials across the standard resistance and the reaction vessel resistance 
heater
R = 100.02 is the calorimetric internal resistance
Q: heat recorded during the reaction
Vadd: volume added in the burette
V: volume added accummulated
[CPA]T: total concentration of the ligand
[F-]T: total concentration of the ion (fluoride her as example)
Qr: total heat of the reaction which is the some of the heat recorded during the reaction 
and the heat of dilution
Qacc: accumulative heat total
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Spreadsheet used during a microcalorimetry titration (1:2) (ligandrion)
[M]i = 7.78x10"* mol dm ' Vessel titrand
[L]i= 1.02x10' mol dm ' Syringe titrant
Vi = 2.8 ml
Vlnj = 0.012 ml
V(ml) Vt (ml) [Ml [LI ILl/lMl
1 0.012 2.812 7.74E-04 4.34E-05 0.06
2 0.024 2.824 7.71 E-04 8.64E-05 0.11
3 0.036 2.836 7.68E-04 1.29E-04 0.17
4 0.048 2.848 7.64E-04 1.71 E-04 0.22
5 0.060 2.860 7.61 E-04 2.13E-04 0.28
6 0.072 2.872 7.58E-04 2.55E-04 0.34
7 0.084 2.884 7.55E-04 2.96E-04 0.39
8 0.096 2.896 7.52E-04 3.37E-04 0.45
9 0.108 2.908 7.49E-04 3.78E-04 0.50
10 0.120 2.920 7.46E-04 4.18E-04 0.56
11 0.132 2.932 7.43E-04 4.58E-04 0.62
12 0.144 2.944 7.40E-04 4.98E-04 0.67
13 0.156 2.956 7.37E-04 5.37E-04 0.73
14 0.168 2.968 7.34E-04 5.76E-04 0.78
15 0.180 2.980 7.31 E-04 6.14E-04 0.84
16 0.192 2.992 7.28E-04 6.53E-04 0.90
17 0.204 3.004 7.25E-04 6.91 E-04 0.95
18 0.216 3.016 7.22E-04 7.28E-04 1.01
19 0.228 3.028 7.19E-04 7.66E-04 1.07
20 0.240 3.040 7.16E-04 8.03E-04 1.12
21 0.252 3.052 7.13E-04 8.40E-04 1.18
22 0.264 3.064 7.11 E-04 8.76E-04 1.23
23 0.276 3.076 7.08E-04 9.13E-04 1.29
24 0.288 3.088 7.05E-04 9.49E-04 1.35
25 0.300 3.100 7.02E-04 9.84E-04 1.40
26 0.312 3.112 7.00E-04 1.02E-03 1.46
[M]|: ion concentration
[L]i: ligand concentration
Vi: initial volume of ligand in 
the vessel
Vinj: volume injected in each run
Nrun: number of run
V: volume injected accumulated
V(: volume total accumulated in 
the vessel after each run
[M]: concentration total of the 
ion
[L]: concentration total of the 
ligand
Mwt: molecular weight 
Wt: weight in gram
Mwt (salt)= 604.46 g/mol 1193.55 g/mol
Volume= 10 ml 5 ml
w p : 0.0W7O
Appendix D
Spreadsheet used for sodium determination
Sample Rep Vadd Vacc Vt (acc mV log INaldjI
0.025 0.050
0.025 0.025
25.3
25.275
-87.8 2.694312
-75.1 2.4701126
Na]j acum INa’^ liCavr'
0.0020216 2.0458249 1.3000078
0.0033876 3.4248261 1.3790012
2 0.025 0.075 25.325 -61.5 2.2300251 0.0058881 5.9646419 1.2955281
3 0.025 0.100 25.35 -57.1 2.1523497 0.0070413 7.1398366 1.1751947
2 0.025 0.150 25.4 -50.4 2.0340712 0.0092455 9.3933923 0.8120129
3 0.175 25.425 l i i i l 10.579006 IMHHHli2 0.025 0.050 25.3 -43.1 1.9052007 0.0124394 12.588668 1.1349265
3
m Êm ih Sh 13.6128912 0.025 0.125 25.375 IHH-37.5 1.8063411 0.0156192 15.853491 1.1927751
3 0.025 0.150 25.4 -36.2 1.7833916 0.0164668 16.730238 0.8767471
2 0.025 0.050 25.3 -79.8 2.5530841 0.0027984 2.8320209 1.3853012
3 0.025 0.075 25.325 -69.8 2.3765491 0.004202 4.2565756 1.4245547
4 0.025 0.100 25.35 -62.9 2.25474 0.0055624 5.6402453 1.3836697
5 0.025 0.125 25.375 -57.6 2.1611764 0.0068996 7.0030885 1.3628432
Rep: repetition number
Vadd: volume of sodium added
Vacc: volume of sodium added accumulated
Vt (acc): volume total accumulated in the vessel
log [Na]dii: natural logarithm of sodium concentration in vessel
lOfNalj. reciprocal of the natural logarithm of sodium in vessel
[Na]i acum: sodium initial accumulated
[Na]j; sodium initial
[Na^]i (avr): average value of sodium initial after three repetition
Appendix D
Spreadsheet optimum solid/liquid ratio
S/L
Sample Mass (g) (g/L) AA Sign StD fPb'1 dll IPb'1 eq |Pb=*l upt % Removal Ceq
------ 0.0000 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.00
1 0.0139 1.39 0.054 0.001 2.70 137.70 12.75 8.47 917.27
2 0.0419 4.19 0.040 0.004 2.00 102.00 48.45 32.20 1156.32
3 0.0851 8.51 0.026 0.003 1.30 66.30 84.15 55.93 988.84
4 0.1272 12.72 0.016 0.001 0.80 40.80 109.65 72.88 862.03
5 0.1605 16.05 0.013 0.006 0.65 33.15 117.30 77.97 730.84
6 0.2064 20.64 0.014 0.001 0.70 35.70 114.75 76.27 555.96
7 0.2555 25.55 0.013 0.001 0.65 33.15 117.30 77.97 459.10
8 0.3008 30.08 0,014 0.003 0.70 35.70 114.75 76.27 381.48
Stock 0.059 0.001 2.95 150.45 A.— —
Mass: weight of the material used in the extraction
S/L: solid liquid ratio
AA signal: atomic absorption signal
StD: standard deviation of the signal obtained from the AA machine
[Pb^ '^ ldiiuted (mg/1): concentration of lead diluted
[Pb^ j^eq (mg/1): equilibrium concentration of lead
[Pb^’^ ]upt (mg/1): concentration of lead removed from the aqueous solution
% Removal: removal % of lead
Ceq (mg/g): capacity of the material to remove the pollutant
Appendix D
Spreadsheet used to study the kinetics of the removal process
Samples t (min) AA signal StD rPb2+] dil fPb2+leq fPb2+l upt % Removal
— 0 0 0 0.000 0.00 0.00 0.00
2 10 0.0330 0.033 1.737 88.58 79.42 47.27
4 20 0.0310 0.031 1.632 83.21 84.79 50.47
9 80 0.0310 0.002 1.632 83.21 84.79 50.47
11 120 0.0310 0.002 1.632 83.21 84.79 50.47
14 210 0.0300 0.002 1.579 80.53 87.47 52.07
15 290 0.0311 0.002 1.635 81.73 86.27 51.35
16 380 0.0314 0.002 1.652 82.61 85.39 50.83
17 460 0.0317 0.002 1.670 83.49 84.51 50.31
18 560 0.0321 0.002 1.687 84.37 83.63 49.78
20 660 0.0320 0.002 1.684 85.89 82.11 48.87
21 720 0.0330 0.002 1.737 88.58 79.42 47.27
16 780 0.0340 0.002 1.789 91.26 76.74 45.68
17 840 0.0340 0.002 1.789 91.26 76.74 45.68
18 960 0.0330 0.002 1.737 88.58 79.42 47.27
19 1080 0.0330 0.002 1.737 88.58 79.42 47.27
stock 0.0600 0.002 3.158 168.00 ——— - - -
t (min): equilibrium time of the reaction
Spreadsheet used to study the pH effect
Appendix D
Snniplc pH A A Signal StD fPb2+l dil fPb2+]eq [Pb2+1 upt % Removal
0.00 0.0000 0.0000 0.00 0.00 0.00 0.00
1 0.95 0.0630 0.0011 3.32 169.11 10.74 5.97
2 2.40 0.0390 0.0043 2.05 104.68 69.79 40.00
3 3,47 0.0280 0.0034 1.47 75.16 75.16 50.00
4 4.59 0.0260 0.0011 1.37 69.79 80.53 53.57
5 5.43 0.0180 0.0058 0.95 48.32 102.00 53.80
6 6.66 0.0230 0.0006 1.21 61.74 80.53 56.60
7 7.63 0.0000 0.0007 0.00 0.00 102.00 100.00
8 8.89 0.0000 0.0031 0.00 0.00 77.84 100.00
9 10.36 0.0000 0.0041 0.00 0.00 77.84 100.00
Stock AA Signal StD lPb2+ldil fPb2+leq
0.00 0.00 0.00 0.00
1.00 0.07 0.00 3.53 179.84
2,00 0.07 0.00 3.42 174.47
3.00 0.06 0.00 2.95 150.32
4.00 0.06 0.00 2.95 150.32
5.00 0.06 0.01 2.95 150.32
6.00 0.05 0.00 2.79 142.26
7.00 0.04 0.00 2.00 102.00
8.00 0.03 0.00 1.53 77.84
9.00 0.03 0.00 1.53 77.84
pH: initial pH of the solution before extraction
Spreadsheet used to study the optimum capacity of extraction
Appendix D
Samples Mass (g) AA Signal StD fPb'1 dil fPb'1 eq fPb'1 upt % Removal Qeq (mg/g)
0 0 0 0.00 0.00 0,00 0.00 0.00
1 0.1005 0.0290 0.001 1.58 2.36 6.06 71.94 60.30
2 0,1005 0.0060 0.004 0.33 3.26 7.07 68.42 70.30
4 0.1005 0.0020 0.001 0.14 6.94 10.41 60.00 103.56
3 0.1005 0.0430 0.002 2.34 23.37 17.93 43.42 178.46
5 0.1005 0.0600 0.001 4.08 40.82 17.39 29.88 173.04
6 0.1005 0.0330 0.002 2.24 114.49 4.69 3.94 170.00
7 0.1005 0.0440 0.000 2.99 140.00 17.99 11.39 172.00
8 0.1005 0.0430 0.002 2.93 149.18 17.12 10.29 170.35
9 0.1005 0.0560 0.001 3.81 194.29 16.37 7.77 170.00
10 0.1005 0.073 0.0018 4.97 253.27 10.05 3.82 172.00
Stock AA Signal StD lP b'1 fPb'1 eq
0.000 0.000 0,00 0.00
1 0.062 0.001 3.37 8.42
2 0.019 0.001 1.03 10.33
4 0.005 0.002 0.34 17.35
3 0.076 0.001 4.13 41.30
5 0.021 0.001 1.14 58.21
6 0.043 0.001 2.34 119.18
7 0.057 0.002 3.10 157.99
8 0.060 0.002 3.26 166.30
9 0.076 0.003 4,13 210.65
10 0.095 0.001 5.16 263.32
